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ABSTRACT 


A method of study found applicable to the clay minerals clarifies the chemical relations 
of glauconite and celadonite, and gives significant information about their genesis. 

The representative formula of glauconite is: 

(K, Ca, Na).s4(Al.a7Fe’”’ 97Fe’ 19Mg.40) (Sis.csAl.s5)O10(OH)2 
and of celadonite is: 

(K, Ca, Na).s4(Al s4Fe’”” 7¢Fe’’ 24Mg.z6) (Sis.s9Al.11)O10(0H)2, 
which represent very closely compositions of a large number of mineral specimens. These 
formulas show that both minerals belong to the heptaphyllite group of micas. 

A supply of ferrous iron (necessitating a reducing environment), magnesium, and po- 
tassium, is a controlling condition for the formation of both minerals. Glauconite, which 
forms only in a marine environment, maintained in a reducing condition by bacterial action, 
derives its magnesium and potassium from the sea water, and its other constituents from 
mud. Celadonite, which commonly forms in vesicular basalts, derives its essential mag- 
nesium, iron, and silica from olivine, and its other constituents from deuteric solutions. 


INTRODUCTION 


In the course of work on the montmorillonite-nontronite group of clay 
minerals it became evident that the methods used in correlating chemical 
analyses of that group might give interesting information on other miner- 
als related to the micas. Glauconite being a mica is a mineral of this type, 
and its widespread occurrence has caused it to be the subject of many 
studies. Glauconite has formed as a marine deposit in every geological 
age since the pre-Cambrian and is found in many modern marine sedi- 
ments. A material known as celadonite that occurs as vesicular fillings in 
basaltic rocks, has been correlated with glauconite.” Glauconite has been 


* Approved for publication by the Chief of Bureau of Plant Industry and Director of 


U. S. Geological Survey. 

1 Lacroix, A., Mineralogie de la France et de ses Colonies, 1, part 1, 406-409 (1893). 

2 Glinka, K., Der Glauconite, sein Entstehung, sein chemischer Bestand, und die Art 
und Weise seiner Verwiterung: Pub. de l’Institut agromique de Novo. Alex Russie, St. 
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identified as a mica by several investigators,*:+5% 7 and celadonite, al- 
though less widely investigated,has been assigned to the micas by Glinka 
and this has been verified by Maegdefrau and Hofmann® using x-ray dif- 
fraction methods, and confirmed by our own observations. 

These calculations of the chemical relations of glauconite and celado- 
nite are based on the assumption that there are no major analytical errors 
in the analyses, and that the material analyzed was fairly free from im- 
purities. It is believed that the consideration of an adequate number of 
analyses will obviate the difficulty introduced by minor errors and that 
major ones will become self evident. The method of consideration is based 
on the establishment of a consistent trend in composition that agrees 
with crystal structure, and recognized ionic substitutions. Measured by 
these criteria, the available analyses seem to give a consistent picture; in 
fact, the departures from this trend are less important than were to be 
expected. 


MopbeE oF OCCURRENCE AND PHYSICAL PPOPERTIES 


Glauconite as it occurs in sedimentary rocks is so well known and has 
been so often described that little need be said about its occurrence and 
properties. 

Sedimentary glauconite most commonly occurs as rounded pellets 
from one to several millimeters in diameter, its formation by replace- 
ment of foraminifera being on the whole exceptional. It is commonly 
made up of an exceedingly fine-grained, but obviously crystalline aggre- 
gate of overlapping crystal plates. However, almost all who have investi- 
gated glauconite®:!1.".13.4.15 have found grains that were crystal units. 


3 Murray, Sir John, Challenger Rept., Deep sea deposits, 239 (1891). 

4 Lacroix, A., op. cit. 

5 Glinka, K., op. cit. 

6 Schneider, H., A study of glauconite: Jour. Geol., 35, 289-310 (1927). 

7 Gruner, John W., The structural relationship of glauconite and mica: Am. Mineral., 
20, 699-714 (1935). 

8 Maegdefrau, E., and Hofmann, U., Glimmerartige Mineralien als Tonsubstanzen: 
Zeits. Krist., A98, 31-59 (1937). 

® Lacroix, A., op. cit. 

0 Cayeux, L., Contribution a etude des Terrains Sedimentaires, Lille, 163-164 (1897). 

1 Mansfield, G. R., Potash in the greensands of New Jersey: U. S. Geol. Surv., Bull. 
727, Plate, 4D (1922). 

2 Hadding, A., The pre-Quaternary sedimentary rocks of Sweden. IV. Glauconite and 
glauconitic rocks: Medd. Lunds Geol.-Mineral Institute, 51, 51 (1932). 

8 Ross, Clarence S., The optical properties and chemical composition of glauconite: 
Proc. U.S. Nat. Museum, No. 2628, 69, 1-15 (1926). 

M4 Schneider, Hyrum, op. cit. 
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Some of these are roughly hexagonal in outline, and Lacroix, Cayeux, and 
Ross, found evidence of a small inclination of the optic axis, thus indicat- 
ing monoclinic symmetry. The optical properties reported agree within 
fairly narrow limits and those determined (Table 1) on the unusually good 
material from Bonne Terre, Missouri, are adequately representative. 

The properties of celadonite have not been determined as fully as have 
those of sedimentary glauconite, and so the occurrence and properties 
will be described in the following section. 

The name celadonite was proposed by Glocker" in 1847, although the 
same material had been previously described as terra verte!® and griin- 
erde.!® Celadonite is most abundant in vesicular cavities in basalt; but 
it also replaces olivine, and less commonly hypersthene or groundmass 
material. It forms radial or vermicular aggregates that have commonly 
been described as fibrous, but detailed study indicates that it is made up 
of minute elongated plates, and that the habit is bladed. In hand speci- 
mens the appearance is earthy, but in good light reflections from minute 
crystal faces may be observed. The color is commonly blue-green in the 
hand specimen, and under the microscope the material commonly has a 
decided blue cast in the direction of maximum absorption, and is yellow, 
yellow-green, or pale green in the other direction. The mode of occurrence 
of representative samples of the celadonite are as follows: 

The material from Reno, Nevada, occurs as vesicular fillings in a fine- 
grained olivine basalt. The olivine has locally been partly altered to the 
same material, but in general there has been complete alteration to ser- 
pentine. The filled vesicular cavities in the basalt vary in size up to a 
diameter of 12 millimeters, and thus are unusually large. The color of the 
compact material is light Danube green (Ridgway) and the powdered 
material Montpelier green. Most of the cavities are completely filled with 
celadonite, but a few are hollow or contain irregular areas of iron-rich 
saponite (as shown in Plate 1, Fig. d). A few of the smallest cavities con- 
tain only saponite. 

The material from Sandoval County, New Mexico (collected by B. C. 
Renick), a photomicrograph of which is shown as Plate 1, Fig. c, fills 
more or less irregular or flattened vesicular cavities that reach a maxi- 
mum length of 10 millimeters. The color in the hand specimen is methyl 
green (Ridgway). Some of the vesicles contain only celadonite, but others 
contain associated calcite and saponite. 

16 Ross, Clarence S., op. cit., p. 3. 

17 Glocker, E. F., Generum et Specierum Mineralium secundum Ordines Naturales 
digestorum Synopsis, p. 193, Halle (1847). 

18 De Lish, Romé, Cristallographie, ou Description des formes propres a tous les corps 
du Regne mineral, 2, 502, Paris (1783). 

19 Hoffmann-Bergmannisches Jour., 519 (1788). 
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Plate 1 


Glauconite and celadonite 


Fic. (a). Altered volcanic materials, Center Point, Arkansas. Dark grains in upper 
two-thirds of figure are phonolite rock fragments almost completely altered to glauconite. 
Large grain in lower one-third is augite replaced by glauconite. Light gray interstitial ma- 
terialis calcite. «54. 


Fic, (b). Large central portion is a phenocryst of olivine in basalt; nearly fresh in 
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lower portion, but upper part (gray) has been replaced by celadonite. White areas, plagio- 
clase; black, groundmass. Locality unknown. X54. 

Fic. (¢). Celadonite filling of cavity in basalt, Sandoval County, New Mexico. Radial, 
bladed habit is typical of celadonite. «54. 

Fic. (d). Celadonite filling vesicle in basalt, Reno, Nevada. Gray portion celadonite, 
nearly white areas are saponite. X40. 


Optical properties of these samples and of one from Kern County, 
California, are given in Table 1. The x-ray powder diffraction patterns of 
these samples of celadonite and of glauconite showed no observable dif- 
ferences. 


TABLE 1. OpricAL PROPERTIES OF CELADONITE AND GLAUCONITE 


Optical 
Indices of refraction | Birefrin- eae Pleochroism® 
Locality gence | acter 
a B Yai te wand 2V x VY and Z 
Celadonite 
Reno, Nev. 1.610 1.641} .031 — Pale yellow Guinea green 
green 
Sandoval Co., | 1.606 1.634] .028 = Dull yellow Skobeloff 
N. Mexico green green 
Red Rock Can- | 1.606 1.635] .029 == Light yellow | Ethyl green 
yon, Kern green 
Co., Calif. 
Glauconitet 
Bonne Terre, 1.597) 1.618] 1.619] .022 | —20° | Lemon yellow | Dark Rus- 
sian-green 


Mo. 


® Color names following Ridgway. 
t Ross, Clarence S., of. cit. 
b>» distinct. 


METHOD OF CALCULATING FORMULAS FOR MINERALS 
HAVING SILICATE LAYER LATTICES 


The significance of the kind and extent of isomorphous replacements in 
the micas was first recognized by Maugin.?° Elucidation of the general 
structural scheme of mica is due to Pauling”! who further showed that a 


20 Maugin, C., Etude des micas au moyen des rayons X: Compt. Rend., 186, 879-881, 
1131-1133 (1928). 

21 Pauling, L., The structure of the micas and related minerals: Proc. Nat. Acad. Sci., 
16, 123-129 (1930). 
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large group of minerals have related structures. Among these are micas, 
brittle micas, chlorites, vermiculites, stilpnomelanes, hydrous micas, 
pyrophyllite, talc, montmorillonite, beidellite, nontronite, saponite, 
cronstedite, glauconite, celadonite, and the kaolin minerals. 

The mica-like minerals have the common structural feature of tetra- 
hedral groups of oxygen ions about silicon ions, joined into a hexagonal 
layer by sharing of oxygen ions by two tetrahedra. Two such layers are 
joined by octahedral coordination about Al’’’, Mg’’, etc., of oxygen ions 
that are not shared between tetrahedra. The potassium ions fit between 
two such composite layers and have twelve neighboring oxygen ions. 

The succession of atomic layers along the normal to the micaceous 
cleavage of muscovite and phlogopite and their idealized chemical for- 
mulas are: 


Muscovite Phlogopite 

Interlayer Nx Kt Nx Ky 

60m 6Ome 
Tetrahedral WEN Ber svg hss hove PAT aS Sia 

40-—-2(OH_, F-) 40- —2(OH_, F-) 
Octahedral 4A}*++ 6Mg** 

40- —2(OH_, F-) 405 e2(OHa ES 
Tetrahedral VAN OS items TAT SS Sin ts 

607 — Ors 
Interlayer Kay Kr 


Muscovite K : (Az) - (Al, Sis) - Oyo: (OH, F)2 
Phlogopite K - (Mgs) : (Al, Sis) -O.o(OH, F)2 


General knowledge of silicate structures” leads to the following ex- 
pected types of isomorphous replacements in the micas: 


Interlayer positions Ke, Nate Rb CsiiCate a Basser Oras 
Tetrahedral positions  Sit*+++, Al+++ 
Octahedral positions AGE ReT iit, Fer Rein Minin Crane Viosctalana 


A remaining question to be answered for the micas is the actual extent to 
which various replacements take place. 

In the montmorillonite-nontronite group of minerals, and in the hy- 
drous micas, the interlayer positions are not completely filled, and the 
present study indicates that this is also true for glauconite and celadonite. 
The analyses of glauconite and celadonite show a potash ratio varying 
from 1, the value normal for micas, down to 0.56, with but 7 below 0.75; 
the average being 0.842. Thus the deviation from complete filling of the 
interlayer positions is significant, but not excessive. This must be taken 
into account in the formula which will be of the general type X4(Al, Fe”. 


” Bragg, W. L., Atomic Structure of Minerals, Ithaca (1937). 


GLAUCONITE AND CELADONITE 689 


Fe’’, etc.)2(Al, Si)4O10(OH, F)2, where A is 1.00 or less and 3 is the num- 
ber of octahedral positions filled, which must be 3.0 or less. The equiva- 
lence of the external base X is determined by the valence and number of 
the ions having octahedral coordination. A convenient method for calcu- 
lating a formula is to reduce the analytical values of the ions having octa- 
hedral and tetrahedral coordination to their molal (M) values. It then is 
assumed that Al is distributed between tetrahedral and octahedral coor- 
dination so as to have Y= 2.00. Thus 2(M(Al)+ M(Fe’’’)+- M(Fe’’)+M 
(Mg) etc. —y)=(M(Si)+y) from which y, the molal amount of Al in tet- 
rahedral coordination, can be evaluated. Amounts of the various ions in 
the formula then are obtained by multiplying their molal values by 
4.00/(M(Si)+y). The subscript (A) of X, the interlayer cation, is then 
fixed by the amount of charge required to balance the lattice. In general 
it will not be equal to the equivalence of the interlayer ions. It is brought 
into agreement by change of Al between octahedral and tetrahedral coor- 
dination, 2 being finally greater or less than 2.00. In only 2 of the 42 
analyses used in this study is the value of 2 below 2 and in most of them 
it is slightly, but significantly above 2. 
Glauconite specimen number 14 is treated here as an example: 


% Divide by Mols Equivalents 
Si02 49.4 60.06 Si .822 
Al,03 Oey 50.99 Al . 200 
Fe,03 18.0 79 84 Re sean 225) S 555 
FeO 3.1 71.84 Fe'?r19043 iP th 
MgO 3.5 40.32 Mg .087 
CaO 0.6 28.04 Ca .021 
K,0 Soil 47.10 K_ .108> Sum .174 
Na2O 1.4 31.00 Na .045 


The next step is to calculate y from the condition 2[.555—+]=[.822+4], 
which gives y equal to .096. Thus .822+ y=.916, and the factor by which 
the molal quantities are to be multiplied to derive the trial formula is 
4.00/.916=4.367. This gives .822 X4.367 =3.59 silicon atoms and a trial 
formula is X4[AlusFe’’’ osFe’’ 1sMg.ss] [Sis.s9Alo.41] 010(0H)2. The sum 
of the cation valences indicated in the foregoing formula is 21.03, 
but the total cation valences must be 22 to balance the 10 oxygen ions, 
plus 2 hydroxyls. The difference of .97 must be supplied by Ca, K, and 
Na, and gives the value of X4. However, the equivalence of Ca, K, 
and Na combined is only .174X4.367=.76. In order to bring these two 
quantities into agreement, aluminum must be transferred from tetra- 
hedral to octahedral coordination. This is done by trial and error, always 
bearing in mind that as aluminum is transferred, the factor by which the 
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molal amounts are to be multiplied changes. In this manner the formula 
is found to be: 


X [Al wiFe’’’ 99Fe’’ 1sMg 3s] [Sis .63Al.37]010(0H)2 


EFFECT OF IMPURITIES 


Submicroscopically crystalline micaceous minerals are very likely to 
contain fine-grained impurities. Appreciation of this factor, however, has 
led to an unnecessary assumption that impurities are so invariably pres- 
ent that no formula is justified.* 

Glauconite being of sedimentary origin is commonly associated with 
coarse-grained detrital minerals, but that associated with clean crystal- 
line limestones, or occurring in nearly pure beds, may be very free from 
accessory impurities. The glauconite can readily be concentrated by 
suspending it in water or by suitable heavy solutions, and only inter- 
grown impurities need be feared. Possible fine-grained impurities are 
submicroscopically crystalline or amorphous phosphates and silica, 
leucoxene, calcium and iron carbonates, clay minerals, and oxides and 
hydrous oxides of iron. Small grains of phosphatic material (probably 
collophanite) are commonly associated with glauconite, and are only 
completely removed by careful hand picking. While many such impuri- 
ties can now be recognized, much of the earlier work was carried out on 
more questionable material, and many of the modern glauconites asso- 
ciated with detrital materials are obviously quite impure. Clay minerals 
have a lower index of refraction and would be easily observable, and 
oxides and hydrous oxides of iron produce color changes warning of their 
presence. Sulfates, sulfides, chlorides, phosphates, or carbonates when 
present are adequate evidence of an impure sample. 

Impurities that may be associated with celadonite are calcite, zeolites, 
saponite, serpentine, and cristobalite, common minerals in vesicular cavi- 
ties of basalt, and oxides and hydrous oxides of iron resulting from 
subsequent oxidation. These impurities, with the exception of cristo- 
balite and perhaps iron-rich saponite, are readily detected and probably 
were avoided in most samples selected for analysis. Cristobalite has to be 
accepted as a possible adventitious material in all samples which were 
not subjected to thorough microscopic examination. 

Minor amounts of titanium and phosphorus have not been included in 


the calculations since it was thought that they were more likely to be 
present as impurities. 


*8 Galliher, E. W., Glauconite genesis: Bull. Geol. Soc. Am., 46, No. 9, 1351-1365 (1935). 
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CHEMICAL RELATIONS OF GLAUCONITE AND CELADONITE 


Analyses of forty-one glauconite samples all taken from the literature, 
are listed in Table 2. These include fifteen samples previously considered 
by Ross* and nine samples analyzed by Glinka.”* The remainder of the 
analyses were obtained from the sources indicated in the footnotes to the 
table. Eight recent analyses, made since 1930, are included among these. 

Glinka carried out gravity separations using Thoulet’s solution. This 
would induce replacement of exchangeable base,—which is of the order 
of one-tenth of the interlayer base,—by potassium, but should not other- 
wise be confusing if the heavy solution was completely removed. An 
excess of potassium would not effect the other constituents, and these 
are the ones that are most significant in the following calculations. Some 
of Glinka’s samples, probably contained calcium carbonate as an impu- 
rity, this being particularly true for samples 38 and 39 of Table 2. The 
small amount of calcium in samples 4 and 5 was also regarded as an im- 
purity. Samples 13 and 32 from other sources also probably contained 
calcium carbonate as an impurity. 


% Ross, C. S., loc. cit. 
% Glinka, K., op. cit. 
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Note TO TABLE 2 


C. O. Hutton and F. T. Seelye in an article on “(Composition and properties of some 
New Zealand glauconites, Am. Mineral., 26, 595-604 (1941), give seven glauconite an- 
alyses. Their results calculated after the manner described in this paper lead to the follow- 
ing formulas: 


aes re Octahedral coordination ay ie re 

Seelye | coordi- cations | octahedral | Fe’’’/Fe’’ 

sample | nation x coordina- 

ee Si Al Fe’ Fe” Mg tion 
1 3.64 0.60 0.89 0.09 0.49 16) AQT 9.9 
2 3.89 0.39 1.00 0.22 0.38 .74 1.99 4.5 
3 3.83 0.11 127, 0.20 0.44 ETS 2.02 6.3 
4 3.46 0.13 1.49 0.19 0.35 .60 2.16 7.8 
5 SEIS 0.45 1.02 0.20 0.37 afi 2.04 Sei 
6 Seas! 0.18 1.29 0.41 0.25 wd JP'S) 3.1 
7 3.66 0.22 1.26 0.24 0.32 .78 2.04 Se 


The analyses apparently were made on very well selected materials and the results are 
in harmony with the general treatment of this paper. 


TABLE 2—REFERENCES 


1. Jurassic sandstone of Tschernofskoje. Glinka #5. 
2. F(7) From unconsolidated Pleistocene west of San Pedro, California. Schneider, 
Hyrum, Jour. Geol., 35, 289-310 (1927). 
3. F(5) From Franconia formation (Cambrian) near Norwalk, Wisconsin. Thomas B. 
Brighton, analyst. Schneider, Hyrum, op. cit. 
. Chalky sandstone of Padi. Glinka #1. 
. Eocene sandstone of Urals. Glinka #3. 
. F(4) From Hornerstown marl, Woodstown, New Jersey. Schneider, Hyrum, of. cit. 
. Island Orleans, Quebec. Hunt, T. S., Geol. Canada (1863), p. 487. Ross #4. 
. Pacific Ocean off Panama. Caspari, W. A., Proc. Roy. Soc. Edinburgh, 30, 364-373 
(1910). Ross #17. 
9, F(8) From limestone near Palermo. Comucci, P., Rend. Acc. Lincei Roma, 30, 220-224 
(1921). 
10. Chalky sandstone from Nasonovo. Glinka #2. 
11. St. Joseph Lead Co. Mines. G. V. Brown, analyst. Ross #11. 
12. Sandstone near Skole, Poland. Smulikowski, K., Arch. Min. Soc. Sci. Varsovie, 12, 
145-180 (1936); Mineral. Abst., 6, 345 (1936) (F). 
13. F(1) From the Kupsten. Johnsen, A., Scharf. Phys. Okon Ges Kénigsberg, 1, 51-60 
(1908). 
14, F(6) From dolomite at the base of the Tempealeau (Upper Cambrian), northwest of 
Norwalk, Wisconsin. Schneider, Hyrum, op. cit. 
15. Ashgrove, Elgin, Scotland. Heddle, M. F., Trans. Roy. Soc. Edinburgh, 29, 79 (1879). 
Ross #15. 
16, Lewes, Sussex. Radley, E. G., Mineral. Mag., 19, 331 (1920-22). Ross #12. 
17, South Tyrol. Hummel, K., Chemie der Erde, 6, 468-551 (1931). 


CONN 


GLAUCONITE AND CELADONITE 695 


18. Suir River, Olonets, Russia. Kupffer, A., Archiv, Naturk, Liv.-, Ehst.-u. Kurlands, 
Ser I, Min. Wiss. Dorpat., 5, 123 (1870). Ross #9. 

19. Tertiary sandstone of Traktemiroff. Glinka #4. 

20. Big Goose Canyon, near Sheridan Big Horn Mts., Wyoming. G. Steiger, analyst. 
U.S. Geol. Survey, Bull. 591, 340 (1915). Ross #10. 

21. Monte Brion, Lake Garda, Italy. Sitzwngsb. Akad. Mtinchen, 26, 545 (1896). Ross #7. 

22. Karga-Oro, Ontika, Esthonia. Kupffer, A., Archiv. Naturk., Liv.-, Ehst.-, u. Kurlands, 
Ser I, Min. Wiss. Dorpat., 5, 123 (1870). Ross #8. 

23. F(2) From Silurian limestone, Eriksére, Oland Sahlbom, Naima, Geol. Inst. Univ. 
Upsala, Bull, 15, 211-212 (1916). 

24. Lower Silurian limestone of Udriass. Glinka #10. 

25. Grodno, Poland. Kupffer, A., Archiv. Naturk., Liv.-, Ehst.-, u. Kurlands, Ser I, Min. 
Wiss. Dorpat., 5, 123 (1870). Ross #2. 

26. Sewell, N. J. Mansfield, G. R., Econ. Geol., 15, 557 (1920). Ross #5. 

27. Agulhas Bank, South Africa. Caspari, W. A., Proc. Roy. Soc. Edinburgh, 30, 364-373 
(1910). Ross #6. 

28. Elmwood Road, N. J. Mansfield, G. R., Econ. Geol., 15, 557 (1920). Ross #3. 

29. Average analysis of seven samples from Tertiary. Takahashi, J. I., Recent Marine 
Sediments, 503-512 (1939). 

30. F(3) From Schoen. Johnsen, A., of. cit. 

31. Upper Cretaceous from Hokkaido. Takahashi, J. I., Recent Marine Sediments, 503- 
512 (1939). 

32. F(9) From Marine Cretaceous, Zurawska region. Kampioni-Zakrzewska, Ach. Min. 
Tow. Nauk Warsaw, 13, 9-17 (1937). 

33. Monterey bay, California. A. A. Hanks, analyst. See number 34. 

34. Galliher, E. W., Ball. Geol. Soc. Am., 46, 1359 (1935). 

35. Recent sediment from Aomori Bay. Takahashi, J. I., Recent Marine Sediments, 503- 
512 (1939). 

36. Havre, France. Haushofer, K., Jour. Prakt. Chemie, 102, 38 (1886). Ross #1. 

37. Agulhas Bank, South Africa. von Gumbel, C. W., Sit.ungsb. Akad. Wiss. M tinchen, 16, 
417-449 (1886). Ross #16. 

38. Jurassic sandstone of Karowo. Glinka #6. 

39. Another fraction of 38. Glinka #7. 

40. Jurassic sandstone of Kosolopowo. Glinka #9. 


Formulas calculated from thirty-two of the glauconite analyses are 
listed in Table 3. Satisfactory formulas were not obtained for the re- 
maining eight samples, which are listed in Table 2, chiefly to show the 
effect of impurities. Samples 33, 35, 38, 39, and 40 contained unduly 
large amounts of calcium, indicating a poor selection of material. Sam- 
ples 33 and 35 further contained more SiO, than any of the other sam- 
ples. Samples 33 and 34 are recent marine sediments that were known to 
be mixed with large amounts of other materials. However, if sample 34 
is predominantly glauconite, the low amount of Al,O3 that it contains 
would lead to formulas differing considerably from the ones obtained for 
the first thirty-two samples. Samples 36 and 37 are two samples previ- 
ously discussed by Ross.”” Formulas for them are: 

% Galliher, E. W., Glauconite genesis: Bull. Geol. Soc. Am., 46, 1351-1366 (1935). 

27 Ross, C. S., loc. cit, 
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(36) X .s0(AlaiFe!s.26F e”” 46Mg. 07) (Sis.ssAl.15)O10(O0H)2 
(37) X 35(Al osFe’’1.59Fe’”” 24M eg os) (Sis. 65Al_35)Oi0(OH)2 


Their MgO contents are very much less than that of the remaining sam- 
ples and the Al,O3; contents also are low. The value of 2, the total num- 
ber of ions having octahedral coordination, for each sample is 1.94. 
While this is not an impossible situation it is indicative of an unusual 
condition of formation and might be the result of later alteration. 


TABLE 3. GLAUCONITE FORMULAS 


Inter- Octahedral coordination 
Sample 
ee layer 

hak cations 
x Al Fe’”’ Fe’’ Mg 
1 .86 0.69 0.93 0.16 0.26 
2, 81 0.36 1 PA 0.09 0.40 
3 .83 0.35 1312 0.19 0.40 
4 1.00 0.25 1.28 0.08 0.33 
5 1.00 0.14 eal) 0.39 0.33 
6 .79 0.40 1.08 0.20 0.40 
7 .78 27 0.51 0.39 
8 66 0.22 1.43 0:05 0.34 
9 .98 0.12 1.26 OS 0.48 
10 87 0.29 1.22 0.14 0.35 
11 86 0.36 1.06 0.24 0.39 
12 7? 1.20 0.35 0.16 0.34 
13 87 0.42 1.08 0.08 0.42 
14 BAS 0.51 0.99 0.18 0.38 
15 83 0.94 0.58 0.19 0.29 
16 83 0.44 1.08 0.22 0.27 
17 .56 1-12 0.33 On2 0.50 
18 83 0.54 0.90 0.19 0.41 
19 88 0.52 1.01 0.12 0.31 
20 81 0.28 1.18 0.19 0.38 
21 .98 0.28 1.05 0.24 0.44 
22 73 0.73 0.73 0.18 0.42 
23 .93 0.50 0.88 0.28 0.39 
24 . 84 0.76 0.71 0.14 0.43 
25 87 0.44 0.91 0.24 0.44 
26 85 0.31 1.08 0.18 0.45 
27 74 0.37 1.03 0.17 0.50 
28 91 0.24 1.11 0.21 0.44 
29 83 0.17 ba25 0.20 0.38 
30 78 0.79 0.50 0.36 0.44 
31 85 0.35 1222 0.21 0.42 
32 .86 0.41 0.77 0.37 0.52 


Tetra- No. of 
hedral ions in 
coordi- | octahedral | Fe’’’/Fe’’ 
nation | coordina- 
Si tion 
3.44 04 538 
3.50 06 13.4 
3.58 06 5.9 
58 94 16.0 
61 03 3.0 
61 08 5.4 
61 17 
61 04 28. 
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TABLE 4. ANALYSES OF CELADONITE 


Oe eye) Aaya) aes (Og SC) (8) O) (10) 
Si02 55.61 53.23 50.6 54.30 54.73 52.69 55.30 50.70 57.72 56.41 
AlO; Os Ball Lhe 5108 7.55 Sof 1080 A O88 Bie 
Fe,O3 1719" 20-46" TA 14577 13544 29575 6.95 15534 17.05 14.07 
FeO 4.02 4.14 3.3 NY O30 Sodtf So 200 Se SAO 
MgO 7.26 5.67 6.4 OM Ss) Bose C5 O.G2 So!) 5.0K 
MnO 0.09 — = 0.09 == 0.31 = tr 0.08 0.23 
CaO 0.21 = Soil OZSO0 ROS O0 1 16 SOFA 32 OR60N OK60 
K,0 MORO OS) Sat 4.85 7.40 6.21 9.38 4.44 5.55 8.83 
Na,O 0.19 ee 0.4 3.82 = 0.39 0.00 0.29 0.42 — 
HO (ign) 4.88 6.18 8.3 DG WA WO CaS WAY JO ey OW 


Total 100.27 99.76 99.1 100.22 100.59 100.69 99.61 100.65 100.10 100.09 


TABLE 4—REFERENCES 


. From vesicular basalt, 23 miles E. of Reno, Nevada. Wells, R. C., analyst. U. S. 


Geol. Survey, Bull. 878, 102 (1937). 


. Bentonico, Monte Baldox, Italy. Levi, M. G., Rivista di Min. e. Crist. Italiana, 43, 


74 (1914). 


. From basalt, Sandoval Co., New Mexico. Wells, R. C., analyst. U. S. Geol. Survey, 


Bull. 878, 102 (1937). 


. Madagascar. Raoult, M., analyst. Lacroix, M. A., Soc. franc. Mineral. Bull. 39, 90-95 


(1916). 


. Four miles E. of Vaile, Arizona. Koenig, G. A., Jour. Phila. Acad. Nat. Sciences, 15, 


424-425 (1912). 


. Amygdules in porphyritic basalt. Tayport Fife. Heddle, M. F., Trans. Roy. Soc. Scot., 


29, 101-104 (1879). 


. From Vesuvius. Maegdefrau, E., and Hofmann, U., Zeits. Krist., A98, 31-59 (1937). 
. Amygdaloidal basalt, Toselli pass Eriteria. Scherillo, A., Periodico Min. Roma, 9, 


253-264 (1938). 


. Cavities in basalt, Scuir Mohr Island of Rum. Heddle, M. F., loc. cit. 
10. 


Druses in basalt S. of Grants Causway, Ireland. Heddle, M. F., loc. cit. 


Analyses of ten celadonite samples, two of them new and the others 


taken from the literature, are listed in Table 4. Samples 9 and 10, which 
were studied by Heddle?’ probably contain a little silica as an impurity, 
and associated saponite was reported in No. 6. Calcium present in sample 
4 was assumed to be present as the carbonate although it is a minor con- 
stituent. Sample 8 also contains an excess of magnesia. 


29, 


28 Heddle, M. F., The minerals of Scotland: Celadonite: Trans. Royal Soc, Scotland, 


102-104 (1879). 
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TABLE 5. CELADONITE FORMULAS 


oy bas Tetra- No. of 
Sample Inter- Octahedral coordination Hedral ‘one ih 
num- Mas coordi- | octahedral| Fe’’’/Fe’’ 
bee nation | coordina- 
xX: Al Fe!”’ Fe”’ Mg Si ce 
1 .98 0.07 0.93 0.24 Ona 4.00 2.01 Sey 
2 aft 0.08 slag 0.25 0.62 3.91 2.08 4.5 
3 .90 0.28 0.82 0.21 0.73 3.90 2.04 Bu) 
4 96 0.30 0.80 0.29 0.64 3.88 2.03 Pel! 
5 68 0.50 0.72 0.30 0.61 3.88 Dsl 2.4 
6 78 0.37 0.55 0.33 0.95 3.88 Deis thei 
7 91 0.78 0.36 0.21 0.69 Sate) 2.04 ers 
8 67 0.20 0.87 0.12 1.05 3.78 2.24 Hes 


Specimens definitely containing silica as an impurity. Maximum and minimum formulas 


are given 
9 80 0.03 Tea7 0.28 0752 4.00 2.00 4.2 
83 0.00 1.79 0.29 Ofo3 Sed Dee 
10 1.00 0.19 0.81 OFSS 0.67 4.00 2.00 Dad 
1.00 0.06 0.91 0.36 0.76 SHies) 2.09 


GENESIS OF GLAUCONITE 


The characteristics of glauconite occurrences are admirably described 
in the comprehensive works of Cayeux,?® Collet and Lee,®°*! and Had- 
ding.” 

Hadding from his critical review of the literature and his extensive 
observations on the glauconites of Sweden concluded: ‘On summing up 
the inferences that can be drawn from the investigation . . . we can say 
that glauconite is always marine, always sublittoral, always a shallow 
sea formation, as a rule formed in agitated water, as a rule formed under 
decreased deposition of detritus, often formed during negative sedimen- 
tation, . . . never formed in highly oxygenous water.”’ 

Ichimura® concluded from his examination of the glauconitic rocks of 
Formosa that the glauconite in general was formed from mud grains and 
is associated with the usual detrital minerals. He states: ‘“Moreover, the 


29 Cayeux, L., op. cit. 

30 Collet, L. W., and Lee, G. W., Recherches sur la Glauconi: Proc. Roy. Soc. Edinburg, 
26, 238-278 (1906). 

51 Collet, L. W., Les Dépots Marins, 132-194, Paris (1908): 

8 Hadding, A., op. cit. 

33 Tchimura, T., op. cit. 
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mode of occurrence of glauconite grains suggests that they were sub- 
jected to sorting in some agitated water.” 

Twenhofel* concludes his review of the literature on glauconite with 
the statement: “The existing state of knowledge with respect to the ori- 
gin of glauconite supports the view that it is a product of diagenesis and 
that the glauconitic particles were originally pellets of mud containing 
finely divided and colloidal clay and iron oxides; that in some as yet un- 
known manner the aluminum of the clay was removed and its place taken 
by colloidal iron, and potash, and colloidal silica was absorbed from sea 
water or surrounding materials... An environment intermediate be- 
tween strongly reducing and strongly oxidizing seems necessary...” 

There is no essential disagreement with the observation that glauco- 
nite forms only ina marine environment with muds as the primary ma- 
terial for its formation. It often is associated with decaying organic 
matter and pyrite is not infrequently present. Cayeux*® noted three 
general types of occurrences: (1) associated with organic matter such as 
foraminifera, (2) pellets, and (3) pigmentary. Cayeux believed that or- 
ganic matter was absent from the pellets and took this as evidence against 
necessary presence of organic matter in the formation of glauconite. 
Buchanan* and Takahasi and Yagi,®’ however, noted various degrees of 
glauconitization of coprolites and it is the current opinion that some 
glauconite pellets were coprolites. Hadding presents evidence that the 
glauconite grains were initially colloidal material that had been trans- 
ported; some being still colloidal when incorporated into the sedimentary 
beds, while others had undergone crystallization. 

Galliher®® recently has noted the associtaion of glauconite with par- 
tially altered biotite and has suggested that green sand deposits formed 
from biotite. Murray and Phillippi*® had earlier suggested that glauconite 
was derived from micas and potassium feldspars. Derivation from biotite 
can at most have only local application, and is out of harmony with ear- 
lier observations. Several objections to such an origin in general may be 
pointed out. 

Mineral associations in many green sands indicate that large supplies 


4 Twenhofel, W. H., Treatise on Sedimentation, Baltimore, 453-460 (1932). 

3 Cayeux, Lv., op. cit. 

3% Buchanan, J. Y., On the occurrence of sulphur in marine muds, and nodules and its 
bearing on their mode of formation: Proc. Roy. Soc. Edinburgh, 18, 19-20 (1890). 

87 Takahasi, J., and Yagi, T., The peculiar mud-grains in the recent littoral and es- 
tuarine deposits, with special reference of the origin of glauconite: Econ. Geol., 24, 838-852 
(1929). 

38 Galliher, E. W., loc. cit. 

39 Murray, J., and Phillippi, E., Die Grundprolien der deutschen Tiefsee-Exped. auf 
dem Dampfer “Valdiva,” 1898-1899, 10, 177 (1908). 
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of micas and feldspars are not necessary for glauconite formation." 
Some of the green sand beds of New Jersey are many feet in thickness and 
are composed of nearly pure glauconite. The accumulation of biotite in 
such thickness and freedom from impurities would be impossible. The 
almost complete absence of normal detrital materials and especially of 
muscovite, the dominant mica in all materials derived from crystalline 
rocks, and a material resistant to alteration under marine conditions, is 
especially significant. 

Glauconite has formed in association with biotite in arkosic Ordo- 
vician bentonites in Tennessee; that is, a bentonite whose characteristic 
mineral is a hydrous mica. The biotite which is nearly fresh in most Or- 
dovician bentonite is bleached in this occurrence. It has acted as a locus 
for the deposition of glauconite so that the two minerals are in parallel 
orientation, but there has been no replacement of biotite by glauconite. 

A recent study of rocks from the Panama Canal Zone composed of 
andesitic rock debris, has shown the presence of normal glauconite in 
rounded grains, together with another type that has formed by direct re- 
placement of andesite rock grains and of augite. 

Ross, Miser, and Stephenson*! mention glauconite in association with 
volcanic materials from southwestern Arkansas. This material has formed 
under marine conditions and so its genesis is that of marine glauconite. 
This material has most commonly formed as a replacement of grains of 
phonolitic rock as shown by the mottled grains in the upper part of 
Plate 1, Fig. a; the gray portion being glauconite. Less commonly, 
glauconite has replaced augite as in the large grain at the bottom of the 
figure. The light gray interstitial material is calcite. In a few specimens 
glauconite has filled spaces between mineral and rock grains, where it 
has a structure indicating crystallization from material originally depos- 
ited as a colloid. In none of these occurrences is there any paragenetic 
relation to biotite. The origin of glauconite has also been discussed by 
Hadding.” 

Attention is now directed to the glauconite formulas of Table 3, which 
were derived from analyses of specimens from many different deposits. 
They nevertheless show some remarkable regularities indicative of the 
common mode of origin for sedimentary glauconites. The magnesium 
content, referred to the general formula, is between 0.35 and 0.45 ion 
for twenty of the thirty-two analyses, and the maximum variation is 


*° Note also, Correns, C. W., Die Sedimentgesteine, p. 209, Berlin (1937). 
* Ross, Clarence S., Miser, Hugh D., and Stephenson, Lloyd D., Waterlaid volcanic 
rocks of early Upper Cretaceous age in southwestern Arkansas, southeastern Oklahoma, 


and northwestern Texas: U. S. Geol. Suro., Prof. Paper 154, 184 (1928). 
*® Hadding, A., op. cit. 
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from 0.26 to 0.52 ion. Silicon in tetrahedral coordination varies from 
3.44 to 3.84 ions in the thirty-two samples, and all except four samples 
have between 3.58 and 3.75 ions. The interlayer ion content is definitely 
less than one equivalent, the mean value being 0.84. An average formula 
is: 
(K,Ca1j2,Na).s4(Al 47Fe’”” 97Fe’’ 19Mg 40) (Siz.6sAl.35)O10(OH)e 

Muds in general and all the finely divided detrital minerals, with the 
exception of hydrous micas, contain less magnesium than required by the 
above formula. An average formula derived from six hydrous mica 
analyses listed by Grim, Bray, and Bradley* is: 


K 53(Ali.ssFe’”” a7Fe”’ 0M g 34) (Siz .41Al.59)O10(OH)2 


The hydrous micas vary in composition, the limits of which are unde- 
termined, but the foregoing formula is probably representative enough 
to show the similarities and striking differences from glauconite. 

The improbability of derivation from a material carrying adequate 
potassium, and the invariable formation under a marine environment, 
indicates that potassium was derived from the sea, and the same is, no 
doubt, true of magnesium. In this connection it may be pointed out that 
a bentonite from Mine Creek, Howard County, Arkansas, with several 
per cent of MgO, has formed from volcanic ash that contained but a 
fraction of a per cent of MgO; and since alteration occurred in a marine 
embayment, sea water was no doubt the source of the excess magne- 
sium.“4 

The near constancy in the magnesia content of glauconites to 0.32 re- 
flects the essentially unchanging nature of the environment and the 
structural requirements of the mineral lattice. The other constituents of 
glauconite, silicon, aluminum, and iron could adequately be supplied by 
any mud. There is thus no particular restriction on the type and com- 
position of the source material. 

The amount of aluminum having octahedral coordintaion in glauconite 
varies from 0.12 to 1.27 ions, with accompanying variations in the total 
amount of iron. It clearly is not constant and probably is not determina- 
tive in the formation of the mineral. Ferrous iron is characteristic of 
glauconite, and the value of Fe’’’/Fe’’ for half the samples is between 4.1 
and 6.2. These are narrow limits considering the factors involved and the 
possibility of subsequent oxidation. However, it probably is not due to 
a particular reducing condition but rather to several different factors. 
Among these would be the requirements of the structure; and the possible 


43 Grim, R. E., Bray, R. H., and Bradley, W. F., Mica in argillaceous sediments: Am. 


Mineral., 22, 813-829 (1937). 
44 Ross, Clarence S., Miser, Hugh D., and Stephenson, Lloyd D., of. cit., p. 187. 


702 STERLING B. HENDRICKS AND CLARENCE S. ROSS 


precipitation of iron sulfide, which limits the concentration that ferrous 
iron could reach in the system in which glauconite is forming. 

Factors influencing the availability of ferrous iron in a marine environ- 
ment have been thoroughly considered by Cooper.‘® He shows that the 
potential in a system in which the equilibrium Fe*++++e~<Fe** is es- 
tablished is given by —E=[1.011—0.058 log Aret+—0.174 pH] volts, 
where Arct+ is the activity of the ferrous iron and pH is the usual nega- 
tive log of the hydrogen ion concentration. The system is assumed to be 
saturated with respect to the ferric ion. If the potential is —0.4 volt 
(which is strongly reducing) and the pd is 6.0 (which is as acid as the ma- 
rine environment reasonably could be) the ferrous ion activity would be 
410-8 gm. mols. per liter, which is very dilute. The oxidation reduction 
potential for the reaction SOs” ~+4H,O@S~ ~+4H20(1) calculated from 
the standard free energies of SO; ~, S~~, and H2O(1) is — 0.14 volt. This 
is a much stronger reducing system than the ferric, ferrous system and 
will be adequate at any reasonable hydrogen ion concentration to reduce 
the iron. 

The not uncommon occurrence of ferrous sulfide minerals with glau- 
conite indicates that sulfate reducing bacteria might often create the 
necessary oxidation reduction potential for glauconite formation. Bac- 
teria commonly are found in muds*® and could use organic materials of 
plant and animal remains and coprolite pellets as food. However, this 
is equally true of other bacteria that reduce ferric compounds to ferrous 
ones.*” The only essential factor is strongly reducing conditions, including 
almost complete absence of oxygen, and this necessarily requires the ac- 
tion of bacteria on organic matter. 

The important point of these considerations is that ferrous iron neces- 
sary for glauconite formation appeared only as a result of bacterial action 
in a system of negligible oxygen content, that is, anaerobic. The ferrous 
iron concentration in solution was very small and the ferrous iron was 
fixed in some insoluble form having much lower solubility than the 
hydroxide, possibly in glauconite itself. However, it is probable that be- 
fore or during the complete formation of glauconite the portion of the 
system containing ferrous iron was sometimes transported as a colloid. 

The number of ions having octahedral coordination, 2, varies between 
2.00 and 2.09 for all except five of the samples. Glauconite thus is a hep- 

6 Cooper, L. H. N., Some conditions governing the solubility of iron: Proc. Roy. Soc. 
(London), B, 124, 299-307 (1938). 

‘6 Bastin, E. S. (Collaboration of Anderson, B., Greer, F. E., Merritt, C. A., and 


Moulton, G.), The problem of the natural reduction of sulfates: Bull. Am. Soc. Petroleum 
Geologists. 10, 1270-1299 (1926). 


‘7 Buchanan, R. E., and Fulmer, E. I., Physiology and biochemistry of bacteria, Balti- 
more, 3, 211-216 (1930). 
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taphyllite type of mica showing very limited solid solution toward an 
octaphyllite (biotite) type, despite the presence of Mg” and Fe” to the 
extent of 72 to 32. The average amount of aluminum in tetrahedral co- 
ordination is 0.35 ion which is greatly less than the amount, near 1.00 
ion, found in the usual micas. The number of interlayer cations, K’, Ca”, 
Na’, is determined by these interrelations and while the maximum pos- 
sible value is 1.00, it is not surprising to find actual amounts slightly less. 

If glauconite is formed in the presence of normal ocean waters, then 
the ratios of the amounts of the interlayer ions are determined by com- 
petition, depending upon their affinity for the available sites in the 
crystal lattice and their concentration in the medium. The average inter- 
layer ionic ratios in equivalents for glauconite are near 


INaaGas kK 05152:0.202 1.0 


A few samples deviate considerably from these ratios, which is not unex- 
pected since glauconite did not necessarily form in normal ocean water 
or might have undergone later exchange of alkalis, although as previously 
pointed out there is a strong indication of a nearly uniform genetic en- 
vironment for most of the samples. Ionic ratios in equivalents in ocean 
water are*® Na:Ca:K::46.3:2.1:1.0. These combined into an affinity 
series give about Na:Ca:K::300:10:1. In other words for glauconite to 
contain equal amounts of Na’ and K’ the solution in contact would have 
to contain 300 times as much Na’ as K’. The chemistry of the system 
from which micas form is not experimentally reproducible, and so 
glauconite formation under marine conditions where the chemistry of 
the system is approximately known is significant because it serves to il- 
lustrate the dominant formation of potash micas even from systems that 
were obviously rich in sodium. 


GENESIS OF CELADONITE 


Formulas derived from analyses of celadonite are listed in Table S. 
Samples 9 and 10 contained excess silica and for this reason maximum 
and minimum amounts of silicon in tetrahedral coordination were as- 
sumed. The maximum amount of course is 4.00 ions for the usual for- 
mula, and the minimum is that amount consistent with the amounts of 
the remaining constituents. These limits serve to emphasize the maxi- 
mum possible effect of impurities. 

There are three prominent features of these celadonite formulas. The 
magnesium content again is surprisingly constant, the average value per 
formula being 0.76 ion with three-fourths of the analyses in the range 


48 Clarke, F. W., The Data of Geochemistry: U. S. Geological Survey, Bull. 770, 127 
(1924). 
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0.61-0.77 ion. In none of the samples is the Mg’’ content as low as the 
highest value found for glauconite. Silicon in tetrahedral coordination is 
very high, the minimum value again being greater than the maximum 
value for glauconite. The total iron content varies greatly but a large 
fraction of it is ferrous which leads to a smaller value for Fe’’”’/Fe’’ than 
generally found for glauconite. An average formula is: 


(K,Ca1j2,Na).s2(AlsaFe’”’ 76Fe’” 2sMg.z6) (Sis.s9A] 11)O10(OH)2 


Celadonite is essentially a heptaphyllite mica, 2, the number of ions 
in octahedral coordination, varying from 2.01 to 2.24, but it could not 
safely be held that 2 is truly greater than 2.13. Despite the heptaphyllite 
character about half the ions having octahedral coordination are doubly 
charged, Mg” and Fe”. The lack of intralayer charge requiring presence 
of interlayer ions is almost entirely confined to positions with octahedral 
coordination. Samples number 1, the excellent specimen from the vicin- 
ity of Reno, Nevada, and number 9 are of particular interest in that they 
indicate that aluminum is not a necessary constituent of celadonite. 
Limiting formulas for samples number 1 and 9 could be: 

(1) Ki.o(Fe’’’1.00F e”” 25Mg.75)Sis.0010(OH)2 
(9) Ko.s(Fe’’1.20F ee” 30Mg. 50) Sis.0010(OH)2 

Even though sample number 7 contains more aluminum than seven- 
tenths of the glauconite samples, it has less in tetrahedral coordination 
than any of them. This apparently is due to the higher magnesium con- 
tent of celadonite which further emphasizes the determinative role of 
magnesium in the formation of glauconite. 

A study of the rocks in which celadonite occurs gives significant in- 
formation about the chemical relations which control its formation. The 
parent rock is usually a vesicular basalt, commonly an olivine basalt. 
Celadonite not only fills vesicular cavities in basalt but directly replaces 
olivine in a number of specimens. This is shown in Plate 1, Fig. 6, where 
a phenocryst of olivine has been partly replaced by celadonite (gray ma- 
terial in upper portion), while the lower part represents only partly 
altered olivine. Olivine, (Mg,Fe)sSiO., is an unstable mineral in the 
presence of water vapor and commonly is altered in the late cooling 
(deuteric) stages of a basalt. In most of the basalt specimens examined 
that contained celadonite, olivine has in general been largely altered to 
serpentine, a hydrous silicate of magnesium which often contains ferrous 
iron. On the other hand, iddingsite, another widely occurring deuteric 
alteration product of olivine, but one characterized by ferric iron,* is not 


* Ross, Clarence S., and Shannon, Earl V., The origin, occurrence, composition, and 


physical properties of the mineral iddingsite: No. 2579, From the Proc. U. S. Nat. M useum, 
67, 1-19 (1925). 
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associated with celadonite, apparently because of the oxidizing conditions 
during its formation. 

Celadonite, as well as glauconite, in many specimens has the appear- 
ance of having passed through a gel state in its formation, that is, it is 
now a metacolloid. Olivine in altering to celadonite could supply silicon, 
magnesium, and ferrous iron. However, some magnesium would have to 
be removed. Part of the ferrous iron would have to be changed to ferric 
iron, but the remaining ferrous iron would require that the environment 
be a reducing one. It would be necessary for all the potassium, as well as 
the aluminum, to be introduced from nearby material. On the other hand, 
material forming celadonite in vesicular cavities would all have to be 
transported, at least for short distances. 


END MEMBER FORMULAS FOR GLAUCONITE AND CELADONITE 


It is desirable when possible to give end formulas for minerals of vari- 
able composition. Derivation of a reasonable number of suitable end 
formulas for glauconite and celadonite, however, is a simplification since 
the composition of each is influenced by at least six variables. These 
variables are Al, Fe’’’, Fe’’, and Mg having octahedral coordination, the 
number of ions between layers, and the amount of Al having tetrahedral 
coordination. A rigorous representation of the composition takes account 
of the fact that glauconite and celadonite are not strictly heptaphyllitic 
(the ions in octahedral positions normally exceed 2) and the interlayer 
bases (essentially K) are in general less than 1. These two factors are 
neglected in the end members represented in the following list. How- 
ever, the representation of the composition by such end members is suffh- 
ciently close to illustrate the relationships of glauconite and celadonite 
within the mica group. 

The most unusual features of glauconite and celadonite as essentially 
heptaphyllite micas is their considerable content of ferric iron and the 
predominance of silicon in tetrahedral coordination. Compositions of 
these minerals can approximately be represented by combination of the 
following six formulas, listed in the order of their abundance: 

(1) K(Fe’”Mg)SisO1o(OH)2 

(2) K(Fe”’Fe’”)SigO10(OH). 

(3) K(AlMg)Si,0;0(OH)2 

(4) K(AlFe’”)Si,Oi0(OH)2 

(5) K(Fe’”’)2A1Si3010(OH)2 

(6) K(Al)2AISisO10(OH)2 


From these six formulas all possible combinations of Al, Mg, Fe’”’, and 
Fe’ in strictly heptaphyllite micas can be obtained. 
Formula number (6) is that usually given for muscovite and number 
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(5) represents a ferric analogue of muscovite.* Analyses of sericites seem 
to trend towards the composition represented by formula (3). This 
formula and the remaining three formulas (1), (2), and (4) are character- 
istic of celadonite. Thus celadonite, sample number (1), can be repre- 
sented by .77(1)+.16(2)+.07(4), and sample number (5), approximately 
by .58(1)+.20(4)+.12(6)+.10(2). Table 6 shows the close agreement 
between the chemical analyses and the compositions (in weight per- 
centage) calculated on the basis of the foregoing interpretation; celado- 
nites 1 and 5 being arbitrarily selected as examples: 


TABLE 6. INTERPRETATION OF COMPOSITION OF CELADONITES 1 AND 5 


Percentage Celadonite 1 ae Celadonite 5 
77 KFe’’’MgSis010(OH)2 58 KFe’’’MgSigO10(OH)2 
16 KFe’’’Fe’’Sig010(OH)2 10 KFe’’’Fe’’Sig010(OH)2 
7 KAIFe’’Sig0}0(OH)2 19 KAIFe’’Sis0;0(OH)2 
—- 13 KAbAISi30:0(0OH)2 
100 Total — 
100 Total 
Analysis Calculated Analysis Calculated 
SiO» 55.61 55.82 54.73 54.55 
Al,O3 0.79 0.83 7.56 7.25 
Fe,03 17.19 17.24 13.44 12.63 
FeO 4.02 3.69 5.30 4.76 
MnO 0.09 — — 
MgO 7.26 USL 5.76 5.50 
CaO 0.21 0.00 — 
KO 10.03 10.94 7.40 11.08 
Na,O 0.19 — _ 
HO 4.88 4.18 6.40 4.23 
100.27 100.00 100.59 100.00 


That the celadonite type of formula, namely: K(Fe’”, Al)(Mg, Fe’’) 
SisX010(OH)2 greatly predominates in all the celadonites, is shown in 
Table 7. Analyses 6 and 8 must have been made on impure material, as 
a magnesium silicate (serpentine or saponite?) must have been present to 
account for the high percentages of MgO. These two analyses hence are 
omitted. 

The last two columns show the great preponderance of the celadonite 
type of formula over that of the muscovite type, in all celadonites. 


°° Clarke, F. W., and Darton, N. H., On a hydromica from New Jersey: U. S. Geol. 
Surv., Bull. 167, 155 (1880). 
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TABLE 7. INTERPRETATION OF ANALYSES OF CELADONITE 


No. 


ug 
60 
70 
62 
58 
37 
56 
66 


Celadonite 
K(Fe’’’, Al)(Mg, Fe’’)Si,O0(OH)2 
type 
Fe’’’Mg| Fe’’’Fe’’| AlMg | AlFe’’ 
16 — if 
26 == = 
9 — 13 
16 — 13 
10 —_ 20 
= 30 21 
31 = == 
15 — 19 


SoUOUN UM PWD 


— 


Muscovite 
K(Fe’’’,Al)2AlSis3010(O0H)2, Cela- | Musco- 
type donite vite 
type | type 
Fel?’ Al 
— — 100 0 
13 1 86 14 
— 8 92 8 
— 9 91 9 
—_ 12 88 1 
= 12 88 12 
13 — 87 13 
-— — 100 0 


In the interpretation of the composition of the glauconites on this 


basis, more than one distribution of Al and Fe 


wt 


as between formulas 5 


and 6 is possible. Glauconite 1 is arbitrarily taken as an example. All of 
the alumina may be considered as belonging to the muscovite type of 
formula, K(Fe’’”’, Al)2AISi3010(OH)s, as given in Table 8, column 1, when 
the remaining constituents belong to the celadonite type of formula, 
KFe’”’(Mg, Fe’’)SisOio0(OH)2 free from alumina. In the second inter- 
pretation the alumina is divided between the two types of formulas, as 
shown in column 3. 


TABLE 8, INTERPRETATION OF GLAUCONITE 1 


Per- 
centage 


Per- 

1 Calculated 2 cdatdpe 3 Calculated 
KFe’’/"MgSiOi(OH)2 | Analysis | 24 | KAIMgSisOio(OH)s 
KFe’’’Fe’’SisO,0(OH)2 16 KAIFe’’Si,Oi0(0H)2 
KFe’,AlSi30,0(OH). 49 | KFe’’’,AlSisO\0(OH)2 
KALAISi;0:0(OH)2 11 KAbAISi30:0(0H)2 
Total 100m hootah 

47.87 47.88 47.86 
14.54 14.94 14.69 
17.30 17.13 17.15 
2.67 2.68 2.69 
2.47 2.45 2.44 
po 0.56 
10.96 8.04 10.97 
Bo 0.43 = 
4.19 5.91 4.20 
100.00 100.02 100.00 
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In either interpretation the muscovite type of formula which played 
only a minor role in the composition of the celadonites, now becomes of 
equal importance with the celadonite type of formula and in the inter- 
pretation shown in column 3, the ferric iron analogue of muscovite is the 
dominant component. 

An arbitrarily selected group of glauconites, so chosen as to include a wide range in 
composition, may be approximately interpreted as having the following component compo- 
sition: 

TABLE 9. INTERPRETATION OF SELECTED ANALYSES OF GLAUCONITE 


Celadonite Muscovite 
K(Fe’’’, Al)(Mg, Fe’’)Sis010(0H)2 |K(Fe’’’, Al)pAISis0;0(0H)2| Cela- | Musco- 
No. type type donite vite 
, type type 
Fe’’’Mg|Fe’’’Fe’’| AlMg | AlFe’’ Fe’”’ Al 

1 26 17 — — 27 30 43 57 
5 31 38 = a ape 9 69 31 
8 37 = — 7 56 ae 44 56 
10 36 15 = = 39 10 51 49 
12 36 — — 17 = 47 53 47 
21 44 _— — 24 30 2 68 32 
31 41 23 == — 36 == 64 36 


The marked increase of importance of the muscovite type of formula in the glauconites 
is shown in the last two columns. 


This study has confirmed the close relationship of glauconite and 
celadonite and raises the question of retention of both names. While the 
composition of neither of these members of the mica group can be ex- 
pressed by one formula, the essentially aluminum-free celadonites are 
dominantly KFe’’’"(Mg, Fe’’)SisOi0(OH)2 with Mg greatly in excess over 
Fe’. Glauconites, on the other hand, do not approximate any single 
simple formula but represent a much more extended series whose charac- 
teristics seem to be an approximate composition of about equal parts of 
the celadonite type formula, as given above, and the muscovite type of 
formula, with the ferric analogue of muscovite predominating. 

As the well established term “glauconite” is used for a mineral of 
characteristic sedimentary origin whereas the term “‘celadonite” is used 
for a mineral of quite different occurrence and paragenesis, it seems best 
to retain both names. 
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CONTRIBUTIONS TO THE MINERALOGY OF STERLING 
HILL, NEW JERSEY: MORPHOLOGY OF GRAPHITE, 
ARSENOPYRITE, PYRITE, AND ARSENIC 


CHARLES PALACHE, 
Harvard University, Cambridge, Massachusetts.* 


GRAPHITE 


No satisfactory data for the morphological determination of the sym- 
metry and elements of graphite have hitherto been published. Gold- 
schmidt (1918), unable to decide between Kenngott’s hexagonal inter- 
pretation of his meager data and the monoclinic interpretation of Nor- 
denskjéld, gives both in the Aflas. The former has, however, been ac- 
cepted by most authors and the mineral has been described as hexago- 
nal-rhombohedral, the triangular striations commonly to be seen on 
the base determining its rhombohedral classification. Recent studies 
of the structure cell by x-ray methods lead to the conclusion that graphite 
is hexagonal (Bragg, 1937) and not rhombohedral, although a trigonal 
symmetry class is not excluded. 

The measurements presented in the following pages, made on graphite 
crystals from Sterling Hill, New Jersey, seem to the writer to yield a 
definite and unambiguous solution of this problem. Graphite is hexagonal 
with full symmetry. 

The graphite crystals from Sterling Hill occur in crystalline lime- 
stone in an association to be described on a later page. I am indebted 
for them to Mr. L. H. Bauer of Franklin, New Jersey, who found the 
material and isolated the best crystals. They are scales up to 1 or 2 mm. 
in diameter, the best ones, however, not exceeding 0.5 mm. The base is 
extremely brilliant, hexagonal in outline, with edges showing many 
facets, often very plane and bright, although striated edges are the rule. 
Of the hundreds of crystals studied, ten were completely measured and 
yielded the forms and angles shown in Table 1. Four of these crystals 
were very simple in form and gave closely agreeing measurements for 
three forms only besides the basal pinacoid, which are regarded as defi- 
nitely proving the hexagonal symmetry of graphite. They are sum- 
marized in Table 2. 

But one of these crystals showed measurable faces at the lower end, 
and it was unfortunately lost in attempting to reverse it on the goni- 
ometer. Figures 1, 2 and 3 represent respectively crystals 1, 3 and 4 of 
Table 2 in approximately their actual development. 


* Contribution from the Department of Mineralogy and Petrography, Harvard Uni- 
versity, No. 248. 
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TABLE 1. GRAPHITE: MEASURED ANGLES, 10 CRYSTALS 
Measured | Range Cakes Number of 
Forms lated , eye 
> p | ¢ p p sce | rs) 
m 1010 30°14’ 90°00’ 0°00’-1°22’ — 90°00’ 10 7 
d 1018 30 53 20493 016-129 20°49’-20°5S0’ 21 10 2 1 
e 1015 30 31 32 03 000-132 30 38-33 14 32 263 4 
t 1014 3012 38 24 010-014 37 48-39 00 38 28 2 2 
rj 30 29 46 59 002-040 45 49 -48 30 46 39 8 4 
Ge AOIZ 30 13 57 48 004-022 57 10-58 30 57 49 12 6 
w 2023 30 26 64 43 004-124 63 40-65 45 64 44 4 3 
x 4045 30 16 6907 000-0 40 68 23 -69 46 68 313 4 3 
p 1011 3000 72 32 000-005 72 21-72 50 72 32 18 4 
y 2021 30 20 81 10 015-025 80 20-82 00 81 033 y 2 
x 1126 038 42 35 007-110 42 15-42 55 42 32 2 1 
p 1123 059 61 28 007-209 59 00-64 30 61 243 1 4 
@ 1122 009 7002 003-1 33 69 15-70 40 70 02 6 1 
a 2243 105 74 40 000-316 73 47-75 40 74 453 4 
Tet t2t 030 79 52 — — 79 52 1 1 


TABLE 2. MEASUREMENTS OF 4 CRYSTALS OF GRAPHITE 


Crystal 1 ¢ p 

p 1011 6 faces 29°574/+ 23° (RIN faa 5)! 
Crystal 2 

p 1011 5 faces 2951 +14 72 37 + 9 

o 1012 3 faces 29.505 2 57 18 +18 
Crystal 3 

p 1011 4 faces PAS De SEIS) 12, 39 +21 

o 1012 6 faces 29 50 3 57 424412 
Crystal 4 

p 1011 6 faces 292551) EV 72 32 +20 

@ 1122 6 faces 040 +51 70 02 +38 


The other measured crystals were more complex. Figure 4 illustrates 
one of them and it is evident that individual forms are irregularly de- 
veloped, no one pyramid having all its six faces present. But the dis- 
tribution in this and in every crystal is not systematically trigonal but 
random. It is also true that other reflections were obtained from some 
crystals which were not in the dominant zones and which could not be 
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simply indexed in the projection. But these were always subordinate to 
the prevailing hexagonal distribution. 

From the mean values for the position angles shown in Table 1 the 
elements were calculated, using 69 faces of 11 forms on 10 crystals. The 
resulting value, po= 3.1780, c= 2.7522, is taken for the calculation of the 
angle table, Table 3. 


TABLE 3. GRAPHITE: ANGLE TABLE 


Hexagonal, Dihexagonal-dipyramidal 6/m 2/m 2/m 
@:¢651:22.7522; po:to=3.1780:1 


Forms ’ p M As 

c 0001 = 0°00’ 90°00’ 90°00’ 
m 1010 30°00’ 90 00 60 00 90 00 

d 1018 30 00 21 10 79 36 90 00 

e 1015 30 00 32 263 74 264 90 00 

t 1014 30 00 38 28 71 54 90 00 

r 1013 30 00 46 39 68 41 90 00 

o 1012 30 00 57 49 64 58 90 00 

w 2023 30 00 64 44 63 07 90 00 

x 4045 30 00 68 313 62 16 90 00 

p 1011 30 00 113) 392 Giro 90 00 

y 2021 30 00 81 033 60 24 90 00 

aw 1126 0 00 42 32 90 00 70 143 
p 1123 0 00 61 244 90 00 63 373 
@ 1122 0 00 70 02 90 00 61 58 

o 2243 0 00 74 453 90 00 61 093 


7 41121 0 00 79 42 


90 00 60 32 


The elements calculated from x-ray measurements are po=3.170, 
c¢=2.745. The commonly accepted elements of graphite based on Kenn- 
gott’s (1854) original measurements are, if c be doubled, po=3.2006, 
c=2.7718, but regarding this value see the remarks on a later page. 

Confirmation of the results obtained from these measurements was 
found ona single crystal of graphite from Ticonderoga, New York, shown 
in Fig. 5. Although of much poorer quality than the Sterling Hill crystals, 
it gave mean angles for two forms which are comparable: 

g p 
p 1011 6 faces 29° Sh' 72°363° 
o 1012 2 faces 29 54 SYt hy 


12 
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Fic. 1. Plan of graphite crystal from Sterling Hill, N. J., showing the forms 
¢{0001} and p{1011}. 

Fic. 2. Plan of graphite crystal from Sterling Hill, N. J., showing the forms 
¢{0001}, {1011} and 0{1012}. : 

Fic. 3. Plan of graphite crystal from Sterling Hill, N. J., showing the forms 
¢{0001}, p{1011}, and {1122}. 

Fic. 4. Plan of graphite crystal from Sterling Hill, N. J., showing irregular 
disposition of faces of the forms. 

Fic. 5. Graphite crystal from Ticonderoga, N. Y., showing full hexagonal 

symmetry with the forms ¢{0001}, m{ 1010}, o{1012} and p{10T1 . 
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Fic. 6. Graphite crystal from Sterling Hill, N. J., showing the forms c{0001} and 
p{1011}, with a twin lamella on {1121}. A cleavage plane below. 
Fic. 7. Crystal of arsenopyrite from Sterling Hill, N. J., showing the forms 
m{110}, g{210} and {101}. 
Fic. 8. Crystal of arsenopyrite from Sterling Hill, N. J., elongated on b showing 
q{210}, e{012} and n{101}. 
Fic. 9. Crystal of arsenopyrite from Sterling Hill, N. J., showing 6{010}, g{210}, 
e{012}, 2{101} and a pseudobase due to striation. 
Fic. 10. Crystal of arsenopyrite from Sterling Hill, N. J.,equant, with 
q{210}, e{012}, and 7{101}. 
Frc. 11. Crystal of native arsenic from Sterling Hill, N. J., showing 
c{0001}, e{1014}, f{2021}, and p{0112}. 


This crystal was the only one on which the faces of the lower end could 
also be measured; they were so placed as to indicate a horizontal plane 
of symmetry. 

Forms. The base {0001} is the dominant form on graphite from all 
localities. Generally it has splendent luster and is invariably used for 
orientation of a crystal on the goniometer. {1010}, the prism of first 
order, is very weak, rarely present as more than a line face, and often 
quite missing, always rough. Dipyramids of the first order determine the 
hexagonal outline of the scales. The forms {1011} and {1012} are about 
equally common, {1013} slightly less so. The other six dipyramids are 
subordinate. No one of the dipyramids is complete in most cases but 
rarely all six faces of some one may be present. The zone of these faces 
is often completely striated so that a chain of overlapping signals is all 
that can be observed on the goniometer. Dipyramids of the second order 
never determine the outline of the crystal. They appear as tiny facets on 
the angles of the hexagonal scales or as line truncations of first order 
dipyramids. 

Twinning. In selecting crystals for measurement, those whose base was 
quite free from striae were sought for. The vast majority of the crystals 
showed striations on the base in one, two or three directions, always in 
diagonal relation to the hexagonal outline. Two were measured upon 
which a single twin lamella traversed the crystal with a sharp plane face 
of the pinacoid in twin position, making an angle to the base of about 
20°, as shown in Fig. 6. This corresponds to a face as twin plane of the 
form {1121}, which requires an inclination of 20°36’. A corresponding 
angle, 20°24’, was observed by Sjégren (1884) on a twin crystal. Another 
measured lamella gave an angle of 16°43’, corresponding most nearly to 
the form {4483} as twin plane, which requires an inclination of 15°31’. 
Kenngott measured a face parallel to the direction of a twin lamella 
making an angle of 58° to the base, but it does not appear clearly from 
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his description whether this was a face of the main crystal or was upon 
a twin lamella. He took it to be the former and made it his unit rhombo- 
hedron, but this angle corresponds to no pyramid in the second order 
series. If, however, it be regarded as a twin lamella, the angle corresponds 
to the position of the base when twinned on a face of {1123}, which re- 
quires an angle of 57°11’. In short, the twinning of graphite may be de- 
fined as on a face of a second order pyramid not well determined but 
most probably the form {1121}. It is evident that twinning on such a 
form would be possible on six faces of the pyramid which would have 
traces on the base in but three directions at 120° and could give rise to 
trigonal or hexagonal striations. The striae are due to gliding, as has long 
been recognized, and may be easily demonstrated by the slightest pres- 
sure on an untwinned crystal. Examination under the binocular of a 
plate deformed by pressure reveals on various parts of the surface every 
sort of combination of the six gliding surfaces, single lines or pairs, 
isosceles triangles or hexagons, so that there seems no reason to doubt 
the correctness of this interpretation. 

Kenngott stated that all his measurements were approximate, particu- 
larly that of the form parallel to the basal striae which he took as unit 
rhombohedron and on which he based his element. The fact that the 
c-axis so derived is so nearly in accord with that of our position as shown 
on a preceding page is due wholly to chance. The following tabulation 
shows the angles of his three forms compared with the nearest calculated 
angles of the two series of dipyramids in our position. 


Kenngott Palache 
p p 
R=1011A 0001 58°00’ 1012 57°49" 1123 61°24}’ 
2P2= 1123/0001 43 00 1126 42 32 1013 46 39 
2P?= 1121/0001 70 00 1122 70 02 1011 72 32 


The agreement of Kenngott’s angles with those of our first column is 
perfect, but the relation of his forms to the striae on the base makes it 
impossible to accept this agreement. His values must be compared to our 
second column and there the agreement is very poor. We can only blame 
the quality of his crystals. 

Kenngott did not figure his Mec of graphite, but in Descloizeaux 
we find a figure drawn, as stated, from Kenngott’s data. There is nothing 
to be found in Kenngott’s paper to show that the habit of this figured 
crystal is true to nature. But it so happens that the crystal is drawn in the 
position adopted in this paper, and the relative proportions of the forms, 
especially of the second order pyramid, shown with three faces only since 
it was regarded as a rhombohedron, is strikingly like our Fig. 4. Thus, 
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also by chance, the only figure of a graphite crystal extant is now justified 
by new observations. 

During the progress of this study, Dr. M. A. Peacock examined the 
projections of some of the Sterling Hill crystals of graphite and after- 
wards drew up a projection, based on the elements determined by x-ray 
study. In this projection he introduced the lattice planes with greatest 
spacings which were to be regarded as probable crystal forms. The forms 
so indicated are the forms of Table 1 bearing the letters c, m, e, t, 7, 0, 
p, ¥, p, ¢, and 7. The only form in his projection not found by any ob- 
server is the second order prism. Our list has, in addition, five forms 
d, w, x, w, and o which are all weak and infrequently occurring. 

The comparison of the completed form list with Dr. Peacock’s pro- 
jection, quite forgotten in the year or more during which the study has 
extended, revealed a parallelism so close as to seem worthy of record as 
an additional evidence of the correctness of the present interpretation of 
graphite morphology. 


Paragenesis of the Sterling Hill Graphite 


In May 1937 there were found on the 900-foot level of the mine at 
Sterling Hill, New Jersey, specimens showing an entirely new paragenesis 
for this locality. Samples were presented at that time to the Harvard 
Mineralogical Laboratory by Mr. L. H. Bauer, and repeatedly in the 
succeeding years the same donor has sent selections of carefully isolated 
crystals of the several minerals. Description of the material has been so 
long delayed because only recently were really decisive crystals of 
graphite found which finally solved the puzzle of its morphology. 

The specimens consist of massive, coarsely crystalline limestone, with 
irregular impregnations of the following minerals: graphite, native ar- 
senic, realgar, pyrite, arsenopyrite, diopside, and a few needles of either 
stibnite or a lead sulphantimonide. Since all of these minerals are set free 
without sensible injury by solution of the limestone in dilute hydrochloric 
acid, an abundance of the crystals of most of them can be obtained with 
ease. Arsenic, realgar and the antimony compound are quite new to the 
Franklin region. 

The chief interest centered in the brilliant scales of graphite which 
were found in considerable numbers in the solution residue. The scales 
range in size from minute specks to plates 2 mm. in diameter and .5 mm. 
in thickness. The base is extremely brilliant and the edges of the hex- 
agonal plate show many facets. The details of their crystal form have 
already been presented. Most of the graphite crystals are distorted, hav- 
ing suffered from movements in the embedding calcite which has caused 
the development of numerous gliding-plane twin lamellae in both calcite 
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and graphite. Occasionally, however, the graphite has escaped all dis- 
tortion or at least shows only a single twin lamella. The graphite crystals 
are generally quite free but may be partly embedded in arsenopyrite, in 
arsenic or in diopside. 


ARSENOPYRITE 


Next in abundance and beauty of the isolated crystals is arsenopyrite. 
The crystals, while minute, are of amazing brilliance and perfection of 
form. They present few crystal forms but range in habit from needles of 
hair-like fineness to stout prisms or flattened plates. In dimensions they 
commonly range from .5 by 1 mm. to 1 by 2 mm. They are chiefly 
bounded by the forms* m{110}, g{210}, e{012}, and {101}. Of these x 
is generally largely developed and the hair-like crystals are elongated 
parallel to it. Commonest type has n and gq alone, or with m as in Figs. 
7 and 8, the latter an attempt to delineate the hair-like needles. By 
flattening parallel to one pair of planes of m the crystals take a platy 
form. Another mode of flattening is by development of a striation zone 
over the basal edge as in Fig. 9, producing a dull pseudobase; e is also 
common and may be equally developed with m and q as in Fig. 10. Some- 
times but one face of e is present. There is a strong tendency for striae 
to form. between e and m which is generally accompanied by a similar 
striation between and q as shown in Fig. 7. This latter is often so deep 
as to eliminate the prism planes. Fig. 9 shows a rare type in which 
{010} truncates what is commonly an acute end. 

Other forms measured on single crystals or in single faces or pairs are 
{O10}, {430}, {111}, (113}, {416} and {212}. It is hoped that an analysis 
will be made of these exceptional crystals of arsenopyrite. 


PYRITE 


Pyrite, much less abundant in the residues than arsenopyrite, is present 
in model-perfect crystals of varied habit. The following combinations 
were noted: {100} and {111}; {120} alone and with {111}; a few very 
brilliant crystals showing {210}, {111}, {110} and {112}. 


ARSENIC 


Arsenic is present in but few grains and crystals. However, one was 
found to be measurable which yielded the forms c{0001}, e{1014}, 
f{ 2021} and p{0112} as shown in Fig. 11. 


Realgar is in rude prismatic individuals with ragged terminations 
which admit of no measurement. 


* The forms, symbols, and drawings are in the new position required by the results of 
the study of this mineral by Buerger (1936). 
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Needles of an antimony compound have been mentioned. Too little 
was secured to enable its satisfactory determination. 

Diopside is the most abundant of the residue constituents. It forms 
irregular clusters of rounded crystals, white in color and identified only 
by its optical properties, since the crystals were too ill defined to be 
interpreted. 

In the writer’s genetic classification of the Franklin minerals (Palache, 
1929) a subgroup was set up called ‘“‘pneumatolytic products” which was 
stated to be practically confined to the Franklin deposit. This new para- 


genesis appears to belong to this group and extends its range to Sterling 
Hill. 
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MAKING CRYSTAL MODELS 


D. JEROME FISHER, 
University of Chicago, Chicago, Illinots. 


ABSTRACT 


Simplified directions are given based on the gnomonic projection for preparing a net 
to make hollow models of crystals from Bristol board, etc. The procedure is illustrated by 
detailed descriptions for making chrysolite and orthoclase models. It could be adapted 
easily to the making of mine or structure models. 


In the study of morphological crystallography (as contrasted to 
“‘modellography”’) it is customary for the student to prepare plan and 
perspective drawings, as well as to calculate the various crystal constants. 
In some cases this work is further supplemented by cutting a solid model.! 
The necessary apparatus to carry out this operation is rather costly. The 
writer has found that the preparation of a model made of Bristol board 
is not only a satisfactory substitute as regards the final result, but no 
expensive machinery is required and the process is valuable from the 
pedagogic point of view in clarifying in the student’s mind the principles 
of crystal drawing. Moreover a collection of such models whose greatest 
dimension is 8 to 10 inches is a valuable asset for teaching purposes. 

The plan neeeded to prepare a hollow model made of paper, cardboard, 
glass, cellulose acetate, etc., can be obtained easily from the face-poles 
of the standard equator gnomonic projection of the crystal. In what 
follows it is assumed that the reader is familiar with this projection and 
the method of making ordinary crystal drawings from it.? In this pro- 
jection, planes (faces) are represented by points (face-poles) where lines 
normal to them from the center of the sphere (which coincides with the 
point of intersection of the crystal axes) pierce the projection plane. 
A crystal face might also be represented in this projection plane as a line 
formed by the intersection of the two planes, providing the face is con- 
sidered to be moved parallel to itself until it intersects the center of the 


1 Goldschmidt, V., Kursus der Kristallometrie, 38-45 (1934). 

Palache, C., and Lewis, L. W., A saw attachment: Am. Mineral., 12, 154-156 (1927). 

Chace, A., and Kersten, H., Crystal models made on a milling machine: Am. Physics 
Teacher, 6, 215 (1938). 

? The method is very simply explained in the writer’s article in the Journal of Geology, 
32, 538-542 (1924). Other elementary presentations in English include: ~ 

Porter, M. W., Practical Crystal Drawing: Am. Mineral., 5, 89-95 (1920) (reprinted in 
The Goldschmidt Two-Circle Method, 1921). 

Barker, T. V., Graphical and Tabular Methods in Crystallography, 55-58 (1922). 

Walker, T. L., Crystallography, 160-164 (1914). 


McNabb, W. M., and J. W., Guide for crystal drawing: Jour. Franklin Inst., 221, 539- 
546 (1936). 
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sphere. Such a projection is called the euthygraphic projection. It has 
advantages over the gnomonic projection where it is desirable to show 
direction,* since a line may be represented in the euthygraphic projection 
by a point made where the line (moved parallel to itself till it goes 
through the center of the sphere) cuts the projection plane. A gnomonic 
projection is easily converted to a euthygraphic projection; from any 
given face-pole (of known p-angle) drop a line through the center of the 
projection and locate a point on this line, the other side of the center at 
a distance from the center corresponding to an angle of (90°-p). The 
gnomonic scales of the projection protractor® greatly facilitate the 
plotting of these distances. A perpendicular to this line through this 
point is the required euthygraphic projection of the face in question. 

Suppose one wishes to prepare a model of the simple chrysolite crystal 
of Fig. 1 which has all the forms of the orthorhombic dipyramidal class. 
The gnomonic projection (gnomonogram) of a part of this crystal is 
shown by continuous lines in Fig. 2. The plan drawing on ¢ of this crystal 
is given in Fig. 3 by dotted lines. The continuous lines of this figure de- 
pict the appearance of one face of each form assuming the crystal to be 
“unfolded” so that each face lies in the plane of the paper [(001) plane of 
the crystal]. To prepare this it is only necessary to remember that the 
guide line represents the trace of the picture plane in the gnomonic pro- 
jection and that the line of sight is assumed to be perpendicular to the 
picture plane; that is, the perspective drawing made from the gnomonic 
projection is orthogonal, not clinographic. The object is to picture each 
face as it appears looking normal to it; in short, the plane of the crystal 
face is to coincide with (be parallel to) the picture plane in each case. 
Thus the guide line used in drawing any given face is the euthygraphic 
projection of that face. 

For drawing the c face then, since its pole is at the center of the primi- 


3 This is the same as the linear projection of Fedorow. It is not to be confused with the 
linear projection of Quenstedt, in which the projection plane is likewise normal to the c-axis, 
but at a point equal to minus unity on this axis if the crystal face is supposed to cut the 
center of the axial cross (or the projection plane may be considered to lie at the axial 
intersection normal to the c-axis while the crystal face cuts plus unity on the c-axis). 

4 Of course a direction may be shown in the gnomonic projection as a point, but then 
one must distinguish between two kinds of points: one derived as a face-normal, the other 
as in the euthygraphic projection. The stereographic and cyclographic projections are 
analogous, and their uses in solving geologic problems have recently been described by the 
writer in Bull. Am. Assn. Petr. Geol., 22 (9), 1261-1271 (1938). Also see “Drillhole Prob- 
lems in the Stereographic Projection,” Econ. Geol., 36, 551-560 (1941) and the reference of 
footnote 5. 

6 Fisher, D. Jerome, A new projection protractor: Jour. Geol. 49, 292-323 (1941) and 
419-442 (see especially 317-318). See note at end of this article. 
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tive circle in Fig. 2, the picture plane is horizontal (normal to the c-axis), 
the guide line becomes a circle of infinite radius whose angle point (center 
of the fundamental sphere rotated about the guide line as an axis into the 
plane of the gnomonic projection) lies at c. In short, the d edge of face c 
(that edge on face c made by the intersection of the d and the c faces, 
Fig. 3) is obtained by extending dc of Fig. 2 to the guide line at a and 
joining the point thus located with the angle point at c. Then a normal 
to ca gives the desired direction. Thus the boundaries of the face are 
simply normals to cd and ck of Fig. 2, drawn as in Fig. 3 with edges of 
lengths proportionate to those on the crystal at any desired scale of en- 
largement. Where the plane of projection is parallel to the c-face (which 
it is not in the monoclinic and triclinic) the ordinary plan drawing and 
the net drawing coincide for the c(001) face. 

To draw face e of Fig. 3, go 90° from face-pole e of Fig. 2 along the 
dashed line in the direction ec and establish the point Ce, the center of 
the dotted zone-line Ee. Then Ce is out from c by r tan (90°—p) of face- 
pole e; thus Ce is quickly located with the projection protractor.® Ee, the 
euthygraphic projection of e, is normal to ce and serves as the guide line 
in drawing face e. Establish its angle point We on the central ce by using 
the stereographic scale of the projection protractor, remembering that 
c to We in stereographic degrees equals ce in gnomonic degrees.’ The 
direction of A of Fig. 3 is the d boundary of face e and is normal to a line 
(not drawn in Fig. 2) joining A and We. A of Fig. 2 is on Ee where a line 
through de cuts Ee.* Similarly B of Fig. 3, the direction of the k edge of 
face e, is normal to the line B to We of Fig. 2, in which B is on Ee where 
cut by ek extended. The other edge of e (Fig. 3) is normal the central 
Ce to e of Fig. 2, since em extended cuts Ee at Ce and We lies on this 
line. It is drawn at such a distance from the top vertex of the face e as 
to preserve the average dimensions of the crystal being reproduced, on 
the same scale of enlargment as already used in drawing face c. This 
means that it is of the same length as the corresponding edge shown by 
a dotted line in the plan drawing on (001). 

The general rule for drawing the net plan of any crystal face is to find 
its guide line taken as its euthygraphic projection E. Considering this 
line as a zone line, determine its angle point W. Find the point where a 


6 Since J is the angle point for the line ce, if one has no projection protractor the point 
Ce may be located by laying off a normal to the line eJ at J (not drawn in I'ig. 2). 

7 In the absence of a projection protractor, We may be located by striking a circular 
arc with center at Ce and radius Ce to J; note J is where a line through c parallel to Ze cuts 
the primitive circle. 

8 Where no faces parallel to the c-axis are involved, paper may be saved by establishing 
a point A’ on Ee where a line parallel de through We cuts Ee, and taking for the required 


direction a line normal to A’ c. 
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line joining the gnomonic projection (face-poles) of the two crystal faces 
which make the edge in question cuts the guide line EF. Lay a straight- 
edge on this point and W and using a right-angle triangle obtain the 
normal which is the direction desired. 

For face m the guide line runs through c normal to the m-arrow (e.g., 
it is cJ) and the angle point Wm (not indicated in Fig. 2) lies where this 
arrow cuts the fundamental circle. To get the e edge of m, note that a 
line through the e and m face-poles cuts this guide line at c; thus a normal 
to the m-arrow gives the desired direction, while lines parallel this arrow 
give the a and b boundaries of this face (this latter direction is normal 
to the guide line for the m face). The length of this face is made pro- 
portionate to the size of the face on the crystal as already outlined. 

The a, b, d, and k faces are prepared in similar fashion, but the e length 
of the d face is made equal to the d length of the e face, and the length 
of the e edge of the k face is analogously determined, as shown by the 
two dashed-line circular arcs of Fig. 3 with centers at the top vertex of e. 


Fic. 9. Crystal Models. Vanadinite (C. G. Johnson), Kyanite (P. Herbert), Apatite 


(G. W. Sandberg), Staurolite (N. A. Riley), Calcite (A. Swineford), Quartz (G. Botero), 
and Albite (K. L. Cook). 
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The dashed lines continuing the edges of the [001]-zone (m and b faces 
in Fig. 3) make clear the relation between the plan drawing on ¢ and the 
method of drawing here described. 

To prepare the idealized model net shown in Fig. 4a drawing is needed 
(in Fig. 3) for but one face of each crystal form present. This part of the 
task is relatively simple for a model of high symmetry consisting of but 
a single (closed) form, Place tracing paper over (or a sheet of wrapping 
paper under) Fig. 3 and with a needle prick through the corners of faces 
c, d,and a. Then move the tracing paper so that its m edge of a lies above 
the a edge of m of Fig. 3 and prick the corners for e and m. Proceed in 
similar fashion till all the crystal faces are outlined on the tracing paper. 
Note that the latter must be turned upside down in locating the vertex 
of the four faces marked @ in Fig. 4. Now very carefully check the whole 
net for accuracy, using a T-square, right-angle triangle, and dividers or 
compass. Finally, place this over a sheet of Bristol board and prick all 
the corners through it and outline the net on the Bristol board with a 
sharp hard pencil as shown in Fig. 4. 

The next four paragraphs are devoted to the technique of preparing 
a similar net for a monoclinic crystal. Following this, the method of 
fabricating a model from a net is described. 

For the benefit of beginning workers the same method is applied to a 
slightly more complex case as is illustrated in Figs. 6, 7, and 8. The 
crystal is orthoclase from near Ontario, Oregon, collected by W. R. 
Lowell, perspective of which is given in Fig. 5, with forms 6{010}, c{001}, 
m{110}, y{201}, and 0{111}. The plan drawing on a normal to [001] is 
shown by dotted lines in Fig. 7; gnomonic and euthygraphic projections 
of one face of each form appear in Fig. 6. What follows is according to 
the rules given five paragraphs back. Let D of Fig. 7 which represents 
the highest point of the crystal (c-axis vertical) be common to the plan 
on the normal to [001] and the analogous point of the net pattern. Draw 
DA (the o edge of face c) of Fig. 7 normal to the line from A to We of 
Fig. 6. Ordinarily the c-face would be completed at this stage, as the gener- 
al rule of finishing one face at a time is a good one. But since the length 
of AB [which= AC=4A'C'= A'’B’/cos(90°—8) = A'B’/sin §B] is easily 
determined graphically from the length of AC, one side of the b-face, this 
latter face is completed first. From A’ of the plan drawing of Fig. 7 draw 
A'C' and A’F’ normal to the lines Wd to c and Wd to F respectively of 
Fig. 6, locating C’ and F’ of Fig. 7 by lines through B’ and E normal to 
Eb of Fig. 6. Then in Fig. 7 draw AC and AF parallel and equal in length 
to A’C’ and A’F’, respectively. Draw lines normal to £6 of Fig. 6 through 
C and F of Fig. 7, making CG of length appropriate to the crystal, and 
complete face b by lines parallel and equal to AC and AF. Locate B by 
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making AB equal in length to AC. Draw BH normal to the line H to We 
of Fig. 6 locating H directly below D (in a direction parallel the a-axis 
trace of Fig. 6), and complete face c of the net pattern of Fig. 7 by 
parallel and equal lines to the three already drawn. 

Face o of Fig. 7 is begun at D, making DN equal to DA and normal to 
the line N to Wo of Fig. 6. NP of Fig. 7 is made equal to AF and is 
normal to the line P to Wo of Fig. 6. PR of Fig. 7 is parallel to DN, and 
DR is normal to the line R to Wo of Fig. 6 (R is off the paper here; the 
direction R to Wo marked on Fig. 6 is obtained by placing the paper on 
a large sheet and extending the lines Eo and yo). DT and DT" of the y 
face of Fig. 7 (which is a rhombus only 43’ off a square) are made equal 
to DR and are drawn as normals to the lines Wy to T and Wy to T’, 
respectively, of Fig. 6. 

Draw face m of Fig. 7 beginning at B and making BK of length equal 
BH and normal to the line K to Wm of Fig. 6. BL of Fig. 7 is made equal 
to CG and (like KM) is drawn normal to Em of Fig. 6. LK’ of Fig. 7 is 
made equal to RP and is drawn normal to the line K to Wm of Fig. 6. 
This is because it is an edge between m and a lower face whose face-pole 
is marked by the dot ina tiny triangle® labelled o’ in Fig. 6; but when one 
wants a lower edge like this, one uses the opposite face-pole represented 
by a dot in a tiny circle (marked o” in Fig. 6) as if the face-pole in ques- 
tion were operated on by an inversion (center of symmetry).!° Similarly 
K'M of Fig. 7 is found to be equal to DT and is made normal to the line 
M to Wm of Fig. 6 (M is where the m-arrow through y cuts Em). 

A net may now be prepared from Fig. 7 as was done from Fig. 3. The 
result is shown in Fig. 8. Specific rules that will apply to all crystals can 
hardly be stated. In general, the net is “‘strung along”’ some pronouncedly 
prismatic zone involving maximum face areas and edge lengths. The 
mb=[001] zone used in Fig. 8 could nearly as well be replaced by a 
cmo=[110] zone. In any case great care must be exercised to keep cor- 
responding edges of equal lengths. It will be noted that the tracing paper 
must be turned upside down on Fig. 7 in taking off the faces of Fig. 8, 
indicated with a bar over the letter. Faces such as ¢ and y of Fig. 7, or 
a, b, c, d, and m of Fig. 3, which have a two-dimensional symmetry of two 
mutually-perpendicular planes plus inversion or a 2-fold axis, can be 
traced off in four ways (tracing paper either side up, and at 180°-azimuth 

® Symbolism and method of projection used here are as described in Fisher, op. cit., 
Jour. Geol. 49, 313-319 (1941). 


10 These principles are important in preparing a net for a hemimorphic crystal, such as 
tourmaline, where the lower half (faces designated by face-poles placed in tiny triangles) 
will be different from the upper half. Here follow these rules, using a tiny circle face-pole 
diametrically opposite the given tiny triangle one, and then remember that the directions 


obtained will be those of the face opposite to the one desired; thus the face in question will 
appear to be upside down. 
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positions in either case). Those as k of Fig. 3 with only one plane of sym- 
metry can be traced off in but two ways (tracing paper either side up). 
Those with but inversion or a 2-fold axis, such as 6 of Fig. 7, can also 
be traced in but two ways (tracing paper at two azimuths 180° apart, 
but only one side up). Finally, those with no symmetry, such as e of 
Fig. 3 and m or o of Fig. 7, can be taken off in only one position of the 
tracing paper. 

When ready to make the model, carefully trim off the net drawn on 
Bristol board (Figs. 4 or 8) along the outside lines, using a safety razor 
blade mounted in a convenient handle, either freehand or running against 
a steel straight-edge. Then lightly cut along all other lines and fold the 
Bristol board along these cuts. With the aid of a roll of 3 or 3”-wide red 
Scotch cellulose tape (like that used for binding lantern slides) the proper 
edges may now be joined together. It is important that the tape be bi- 
sected lengthwise by the crystal edge it joins. The faces may be labelled 
or lettered as desired. Colored or white tape, or Bristol board, may be 
used to give different effects as is common in model making. Two coats 
of colorless hard varnish improve the final product. Or shellac may be 
sprayed on; but do not use this as a first coat if any material in colored 
India ink is on the model; the ink will run. 

In Fig. 9 appears a few of the 19 models made by the writer’s students 
during the past three years. The interfacial angles are in most cases 
accurate to within 1°, which is far better than is true for the ordinary 
wooden model. At present a model is being made to show the seven type 
forms for each crystal class of not-too-high symmetry. 

Nets of the type here described have been printed on paper to be 
pasted on cardboard and made by students into small models."! Jordan 
recommends washing with a weak solution of isinglass before varnishing. 
This is not satisfactory on Bristol board since it causes warping. 

The method of model making herein described is very direct and in- 
volves no new theory.” The stereographic-cyclographic projections® may 
be used for the same purpose with economy of paper; the time saved in 
most cases seems to justify the preference for the gnomonic, however. 


NOTE 


The projection protractor mentioned in footnotes 5 to 7 can be obtained from the Uni- 
versity of Chicago Bookstore, which also sells reprints of the article describing its use, as 
well as Penfield protractor paper. 


1 Jordan, J. B., Crystallography: a Series of Nets (1921). 

Smithson, F., Patterns for the Construction of Crystal Models, D. Van Nostrand Co. 
(1928). 

Barker, T. V., The Study of Crystals, 41-47 (1930). 

” That is, it follows from the general theory of crystal drawing from the gnomonic 
projection. This is given in brief by Professor Charles Palache (Am. Mineral., 5, 96-99, 
1920) who kindly made several suggestions which are incorporated into this paper. 

8 Tertsch, H., Das Kristallzeichnen auf Grundlage der stereographischen Projektion, 18- 
20 (1935). Here the angles of the (010) face are wrong. 


ORIGIN AND GEOMETRIC FORM OF CHALCEDONY- 
FILLED SPHERULITES FROM OREGON* 


CLARENCE S. Ross, 
U.S. Geological Survey, Washington, D. C. 


Chalcedony-filled nodules, with interesting geometric forms, are find- 
ing their way into numerous mineral collections. Central Oregon is he 
outstanding producer of these specimens, but similar ones come from 
Nevada and California. Dake! has described the Oregon specimens as 
follows: 

The Central Oregon district has produced many thousands of these agate-filled nodules. 
Madras seems to be the center of production, but choice specimens are also found on the 
Warm Springs Indian Reservation in Wasco County. The area south of Antelope is also 
a good producer. The nodules, also known as ‘“Thunder Eggs”. . . , seem to be associated 
only with rhyolitic rocks, . .. Generally the nodules have an average diameter of about 
six inches, although they are found in perfect specimens as small as one-fourth of an inch 
and as large as three feet in diameter, all alike in exterior and interior appearance... . 

. . . Only about one out of five will prove an outstanding specimen, the others will be 
only mediocre. ... The nodules appear to occur in lenses or “‘beds,’’ probably in areas 
where the lavas were especially vesicular, presenting numerous cavities where deposition 
could take place. ... 

... Each locality appears to produce a distinctive type of nodule, instantly enabling 
experts to distinguish them as such. However, no two specimens are exactly alike in the 
interior colorings, markings, and patterns. 


Recently, General J. S. Hatcher, an enthusiastic mineral collector, 
kindly presented a number of very fine specimens of the nodules for use 
in detailed study; and those illustrated in Plate 1 were cut and polished 
by him. 

The great interest in the Oregon material has heretofore been as 
mineral specimens, showing striking geometric forms, but they are also 
outstanding in the detail of geologic history that is presented. The most 
interesting geometric forms assumed by the chalcedony fillings are five- 
pointed stars, some of which are very perfect. Two of these are illustrated 
in Plate 1, that in Fig. (c) having been cut nearly across the laminae of 
the chalcedony, and that in Fig. (6) roughly parallel. Those cut across the 
bedding make the most beautiful specimens but the position cannot be 
determined in advance of cutting. Figure (d) represents a filled cavity 
with roughly square outline. 

The geometric form of a filled cavity which will give a five-pointed star 
in cross section presents an interesting problem. Any gas cavity which 
forms in a homogeneous medium will tend to have a symmetrical and 

* Published by permission of the Director, U. S. Geological Survey. 

1 Dake, H. C., The gem minerals of Oregon: Oregon State Dept. of Geol. and Mineral 
Industries, Bull. 7, 1-16 (1938). 
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PLateE 1 


Fic. (a) Exterior of filled vesicles represented in figure (b). Shows the cauliflower-like 
form assumed on the contact between devitrified and glassy material. Note ridges corre- 
sponding to points of star in (8). xe 

Fic. (b) Chalcedony-filled vesicle cut nearly parallel to lamination of the chalcedony. 
Gray outer portion is devitrified welded tuff. xe 

Fic. (¢) Chalcedony-filled vesicle cut across lamination in chalcedony. ez) 

Fic. (d) Chalcedony filling representing a roughly cubic vesicle. 2. 
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equidimensional geometric form. With small cavities or in a medium 
that is not too viscous, the cavity will tend to have a spherical form. 
However, when the cavity is large and especially where it develops in a 
highly viscous or almost solid glass, the force required for spherical ex- 
pansion is very great. In such a medium, expansion by rupture or tearing 
will require very much less energy, and the rupture planes will tend to 
symmetrically enclose the cavity developed. 

Wright? has described hollow lithophysae from Iceland as follows: 

The cavities are in the shape of a cube about 25 mm. on aside. . . . The inner walls are 
not perfectly flat, but show strong diagonal ribs passing from one corner of a cube face to 
the opposite corner, as though each cube face had not been quite fully developed into a 
plane, but still has superimposed on it four negative triangular tetrahexahedral faces, each 
four-sided pyramid thus formed points toward the center of the cube and not away from 
the center, .. . . The fact that any irregularity on the one face finds its counterpart on the 


face adjacent to it and intersecting it at the edge of the cube proves that the faces were 
originally together and were gradually forced apart as crystallization proceeded. . . . 


We may picture a cube as developed from six four-sided pyramids 
bounded by rupture planes, and with their apices meeting at the center. 
There will be 12 triangular planes (the planes of rupture), extending from 
the center to the 12 edges of the cube. If such a system of ruptures de- 
veloped without expansion there would be six four-sided pyramids, their 
apices meeting at the center and their bases corresponding to the six 
sides of the cube. However, expansion of the gas cavity and rupture pro- 
ceed together and the effect is as if the apices of the pyramids were 
pushed toward their bases with a flattening of the pyramid. In some 
instances a nearly cubic cavity is produced, but with each face marked 
with four triangles that represent traces of the rupture planes. In others, 
there remains a flattened pyramid projecting inward from each side of 
the cube (i.e., a negative tetrahexahedral pyramid), and the resultant 
form resembles the well-known hopper shaped halite crystals. 

In some of the filled cavities from Oregon, the geometric form is 
roughly that of a cube, as shown in Plate 2, Fig. (d); but the star-shaped 
forms are sections across a modified pyritohedron, each of whose 12, 
5-sided faces is represented by an inward projecting pentagonal pyramid. 
The form was produced by 30 triangular shear planes extending from the 
center and terminating at the edges of the 12, 5-sided faces along which 
shear occurred. Expansion, in effect, pushed the resulting apices of these 
pyramids toward their base (the faces of the pyritohedron), but not 
sufficiently far enough to eliminate the negative pyramid. Such a figure 
will give a 5-pointed cross section when cut in a number of directions, 


2 Wright, Fred E., Obsidian from Hrafntinnullryggur, Iceland, its lithophysae and sur- 
face markings: Geol. Soc. Am. Bull., 26, 255-286 (1915). 
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PLaTE 2 


Fic. (a) Spherulite from welded tuff, American Falls, Snake River, Idaho, showing 
similarity to Oregon spherulites. Central area (black) represents a nearly circular cavity; 
dark gray zone is devitrified glass (feldspar+cristobalite) ; and the light gray portion at the 
bottom of the figure is glass. Shard structure shows in the devitrified portion. X48. 

Fic. (6) Shard structure is material surrounding chalcedony in Plate 1, Fig. 6. Fine 
grained diagonal structure crossing shards is composed of the radial feldspar-cristobalite 
aggregate. X54. 

Fic. (c) Tuff structure as in (6) but with older tuff fragment near upper right corner. 
ely, 

Fic. (d) Model of the form of the cavity giving the star-shaped chalcedony fillings. A 
shallow negative pyramid marks each of the 12 pentagonal pyritohedral faces. 


ORIGIN AND FORM OF CHALCEDONY-FILLED SPHERULITES 731 


the most perfect star being given when the cut is made about one-third 
above or below the equator of the spherical mass. Of course, the geo- 
metrically perfect figure outlined here will! be produced only under ideal 
conditions. In nature there will be various modifications, and distortions 
due to a lack of homogeneity of the enclosing media will modify or de- 
stroy the ideal symmetry. However, the perfection of some of the stars 
shown in cross section indicates a close approximation to the ideal form. 

In some of the nodular masses, the boundaries between the twelve 
pseudopyritohedral faces are marked by irregular ridges on the outer 
surface and these outline 12 approximately equal areas, in some of which 
a roughly pentagonal shape is observable. Such ridges and one-half of 
such a pentagonal area is illustrated in Plate 1, Fig. (a). The ridges are 
also represented by the small protuberances at each star point in Fig. (0). 

The material surrounding the chalcedony is gray-brown in color and 
without structure visible to the eye, but thin sections show that this is 
composed of welded tuff fragments as illustrated in Plate 2, Figs. (6) 
and (c). The tuff structure is very perfectly preserved despite distortion 
and flattening due to elimination of interstitial pores and subsequent 
crystallization. Near the center of the figure are several shard structures 
that are folded back on themselves as a result of compression of fragments 
that were originally Y shaped, being formed by the walls between three 
adjacent bubbies. The fine-grained pattern that extends diagonally across 
the figure represents the radially fibrous structure of the spherulite. 
Figure (c) shows a small fragment of an earlier welded tuff enclosed in 
the younger one, and a number of such enclosed fragments occur in each 
slide studied. The radial structure of the spherulite extends without 
interruption across the older fragment, showing that devitrification was 
subsequent to consolidation. 

A glassy volcanic ash evidently fell in so hot and plastic a condition 
that welding was complete and a nearly homogeneous material was pro- 
duced, but even after this it retained volcanic gases in solution in the 
glass. These gases began to collect locally at centers of crystallization 
and, as crystallization proceeded, more and more gas collected and en- 
larged the cavity. This crystallized portion is made up, as is usual in such 
spherulites, of radial aggregates of feldspar and cristobalite, and the 
outer boundary of the spherulites has a cauliflower-like habit although 
roughly spherical in shape. Thus the nodules represent hollow spherulites 
that were subsequently filled with chalcedony. The material enclosing 
the crystalline spherulites has entirely broken down, and as it is reported 
to be a clay, it is probably a bentonite, that is, an alteration product of 

glass. The part that crystallized resisted weathering and lies imbedded 
in clay. 
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Material similar to the devitrified, welded tuff from Oregon is illus- 
trated in Plate 2, Fig. (a). This is from American Falls, Snake River, 
Idaho, and has been described by Mansfield and Ross.’ This specimen 
shows the central cavity; a nearly circular area of enclosing material, 
composed of radial aggregates of feldspar and cristobalite; the whole 
enclosed in glass that is still fresh. 

The following geologic history is, therefore, revealed by the Oregon 
“thunder eggs.’ Explosive volcanic activity produced finely divided 
glassy ash, which fell in a hot plastic condition that permitted its re- 
welding into a homogeneous material. While still hot, local centers of 
crystallization were set up, around which spherulitic masses of inter- 
grown cristobalite and feldspar were formed. The formation of these 
anhydrous minerals released volatiles originally in solution in the glass. 
The gradual collection of volatiles exerted a pressure, which combined 
with the cooling shrinkage of the enclosing material, forced the walls of 
the cavity outward, expansion being by rupture along symmetrically 
arranged planes. The more perfect of these cavities had the geometrical 
symmetry of a modified pyritohedron bounded by 12 inward projecting, 
5-sided pyramids, formed by the shear along 30 triangular planes. The 
resultant cavity was later filled by chalcedony that was probably de- 
posited during the alteration of the enclosing material to a clay. 


3 Mansfield, G. R., and Ross, C. S., Welded rhyolitic tuffs in southeastern Idaho: Na- 
tional Research Council, Trans. Am. Geophysical Union, Part I, 308-391 (1935). 


NOTES AND NEWS 
CALCITE CRYSTALS WITH RHOMBOID TUBES 
FROM GUANAJUATO, MEXICO 


CHARLES R. TOOTHAKER, 
Commercial Museum, Philadelphia, Pennsylvania. 


In 1892 or 1893 a small lot of calcite crystals of unusual form was 
collected by Dr. A. E. Foote at Guanajuato, Mexico. There were less 
than fifty of these crystals and because they were so few and so peculiar 
in development it may be safely assumed that they all came from one 
cavity or pocket. In outward appearance these crystals are seemingly 
oblong prisms, terminating in curved faces which come to a rather sharp 
point. If it were not evident at once that the mineral is calcite, it could 
easily be mistaken for a monoclinic substance, elongated parallel to the 
a axis, with a vertical plane and a twofold axis of symmetry. This oblong 
prism is bounded by two faces which are not smooth planes but are com- 
posed of many slightly curved, bright surfaces which give these faces a 
somewhat mottled appearance, and by two other faces which are in- 
variably narrower and consist entirely of striations which run in the long 
direction of the crystal. 

The cleavage at the base of the crystal and the incipient cleavages 
which show on it, furnish an easy clue to the direction of the crystal axes. 
The two wide faces of the oblong prism seem to be an attempt to form 
the negative rhombohedron 7. Mr. Gordon’s measurements, however, 
show it to be an oscillatory combination of e{0112} and e{0111}. Some 
crystals show very definitely three bright faces of the negative rhombo- 
hedron (0112). These faces are truncated by a basal plane ¢ which, as 
is usual on calcite, is rather rough. A negative rhombohedron /{0221} is 
well developed on two rhombs on one specimen. 

The striations, which form the narrower sides of the oblong prism are 
composed of oscillations of v{2131} and 0{2131}. Nearly all the crystals 
show small, smooth faces of M{4041}. 

The curved, four-sided point of the prism, fairly smooth and reason- 
ably brilliant, seems to be a combination of the negative rhombohedron 
f influenced by what Mr. Gordon calls a doubtful form {2.10.12.1}. 

In outward shape these crystals are very unusual. However, they were 
figured by O. Miigge (Neues Jahrb. Min., 76-78, 1897). Unfortunately, 
he did not show the terminations. Mr. Gordon thinks Miigge may have 
been in error in his drawing since he attributes the striations to oscillation 
of {1102} with {2131} and {2131}, whereas all the available crystals 
(eight or more) show the oscillation to be between {2131} and {2131}. 
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Fic. 1. Drawing of crystal by Samuel G. Gordon, showing forms which he measured. 


lic, 2. Calcite from Guanajuato, Mexico, showing rhomboid hole as a white line. 
Nos. 2, 3 and 4 show terminations. 
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The most remarkable feature about these crystals is that each shows 
a white line running lengthwise through its center (Fig. 2). This white 
line follows a direction which would be the intersection of two cleavage 
planes. It is parallel to the four sides of the oblong prism. In reality the 
white line is an open hole, or tube, through which a hair or fine wire can 
be passed. This hole is rhomboidal in shape and its four surfaces are two 
planes of the unit rhombohedron r. 

When a hole approaches the end of a terminated crystal, it gradually 
becomes smaller and finally apparently closes. The rhomboid hole de- 
scribed can be considered a negative crystal. The peculiar feature is that 
it is found in every crystal of this small lot collected at Guanajuato more 
than forty-five years ago, and that it invariably follows the same crystal- 
lographic direction. 

Certain flattened quartz crystals from Hot Springs, Arkansas, also 
collected by Dr. A. E. Foote about the same year, show a distinct white 
line running through them. This white line, however, is not an opening 
and follows in a general way the direction of the vertical axis of the 
crystal. There seems to be at least an outward similarity in the distortion 
and in the formation of a white, seemingly axial line. 

Specimens were sold by Dr. Foote to Clarence S. Bement (six of which 
are in the American Museum of Natural History, New York); to George 
Vaux, Jr.; to the Vaux collection of The Academy of Natural Sciences, 
Philadelphia, and probably to a few other collectors. 

The writer is deeply indebted to Mr. Samuel G. Gordon of The Acad- 
emy of Natural Sciences of Philadelphia for accurate crystallographic 
measurements, the determination of the crystal forms and for the draw- 
ing which accompanies this article (Fig. 1). 


Professor Norman L. Bowen of the University of Chicago was the recipient of the honor- 
ary degree of Doctor of Laws at the Centenary celebration of Queens University, Canada, 
October 17, 1941. 

Dr. Bowen has also been awarded the Penrose Medal by the Council of the Geological 
Society of America “in recognition of his achievements in the application of the principles 
of physical chemistry to the study of the origin of igneous rocks.” The presentation will 
be made at the annual meeting of the Geological Society at Boston. 


Professor Esper S. Larsen, Jr., of Harvard University has been awarded the Roebling 
Medal for meritorious achievement by the Council of the Mineralogical Society of America. 
The presentation will be made at the annual meeting of the Mineralogical Society at 
Boston, 
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